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Preface

The Proceedings contain contributions selected for oral presentation at the 9th International
conference of the European Network of Experimental and Research Basins (ERB). The conference
was organised jointly with the IHP UNESCO Northern European FRIEND Project 5 “Catchment
hydrological and biogeochemical processes in a changing environment”.
The European Network of Experimental and Research Basins (ERB) was recommended
by the European Council and launched in 1986. The main objectives of the network are:
- to establish and maintain relationships between member countries and research teams
by means of information exchange, mobility and regular conferences
- to initiate and enable co-operation between members and other organisations
- to maintain a database of small research and experimental basins
The ERB network currently has 17 member countries. Member countries are represented by their
national correspondents in the ERB Steering Committee, which assembles once per year. National
correspondents are appointed by national IHP committees. The ERB General Assembly meets once
every two years during the ERB international conference. Regular ERB conferences represent the
main forum for meeting and exchanging knowledge among the ERB participants.
The ERB reports on its activities in the ERB Newsletter, which is published approximately twice
a year. It provides information about national and international activities, catchments, projects,
research findings and progress with the ERB database.
The ERB database ICARE (Inventory of the Catchments for Research in Europe) contains metadata
from about 142 basins and several sets of validation data measured during short time intervals.
The database is maintained by CEMAGREF in Lyon, France.
The Northern European FRIEND Project 5 “Catchment hydrological and biogeochemical processes in a changing environment” is focused on a better understanding and synthesis of the
processes and mechanisms responsible for streamflow generation, variation in flow components and
cycling of the main nutrients under different physiographic and climatic conditions. FRIEND is a
bottom-up programme with free participation. About 10-15 participants representing universities
and research institutes typically contribute to Project 5.
Similar interests of ERB and NE FRIEND Project 5 communities have lead to close co-operation
in the exchange of knowledge and organisation of the latest ERB conferences.
Additional information about the ERB and NE FRIEND Project 5 can be found on:
http://erb.lyon.cemagref.fr/en/index.html
http://www.ih.savba.sk/ihp/friend5/index.html
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Note from the editors
The conference was attended by 96 scientists from 16 countries. Participants presented 40 oral
presentations in 3 sessions and 26 posters. This volume contains 37 of the oral presentations
submitted by authors from 14 countries and a list of presented posters in the annex.
The contributions are devoted to research of various aspects of the water cycle in catchments.
Most of them are focused on monitoring and modelling of streamflow generation, water quality, and
the impact of climate and land use changes on the hydrological regime.
Manuscripts were refereed for their technical and scientific suitability for publication
by international experts, mainly members of the Scientific Advisory Committee and chairmen
of the conference sessions. The editors are greatly indebted to the reviewers (listed on page i)
for undertaking the review procedure.
Readers of the proceedings are requested to bear in mind that the papers are all but one by authors
whose first language is not English. Editing for the readability of the written English was
undertaken by Darcy Molnar. The editors are indebted to Darcy for careful review and her husband
Peter for technical help with the reviewing process.
In addition to the papers published in this volume, three other oral contributions were presented
during the conference:
Schumann, S., Herrmann, A. – Flood formation and modelling on a small basin scale
from Integrative Catchment Approach (ICA);
Šútor, J., Štekauerová, V. – Water balance in vertical of atmosphere – plant canopy – soil aeration
zone – groundwater system in lowland forest ecosystems;
Weiler, M., McDonnell, J. – Soft experiments: A new approach to study water flow and solute
transport at the hillslope scale.
Ladislav Holko and Pavol Miklanek, Institute of Hydrology SAS, Bratislava, Slovakia
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SEASONAL ASPECTS OF HYDROLOGICAL PROCESSES
IN THE VALLCEBRE CATCHMENTS
(SOUTH-EASTERN PYRENEES)
Francesc Gallart, Pilar Llorens, Jérôme Latron, David Regüés
Institute of Earth Sciences ‘Jaume Almera’ (CSIC), Lluis Solé Sabarís s/n, E-08028 Barcelona, Spain

ABSTRACT
Rainfall interception, soil moisture regime, runoff generation and sediment transport have been investigated
in the Mediterranean middle-mountain catchments at Vallcebre, using data collected for a period of over 5 years.
The climate of this area is characterised by water surplus in autumn and spring, and water deficit in summer and
winter. The seasonally varying role of rainfall intensity and atmospheric demand for evaporation counteracted
and resulted in a rather uniform relative interception rate throughout the year. The spatial pattern of soil moisture
showed the occurrence of semi-permanent saturated areas in downslope locations that dried out during
summertime. Three different kinds of runoff events were characterised: flash summer floods caused by overland
flow over impervious areas, moderate and relatively short floods at the end of the dry seasons caused by
saturation ‘from above’ of soils, and large and sustained floods caused by precipitation over previously saturated
areas and baseflow contribution during wet seasons. Sediment transport in the catchments is strongly dominated
by the role of severely eroded ‘badland’ areas on clayey bedrock. The sediment yield increased from winter,
when physical weathering dominated, to autumn, when erosion and transport was very effective because
of active runoff generation on badland surfaces and on larger parts of the catchment.

Keywords mediterranean region, rainfall interception, soil moisture, runoff generation, erosion
INTRODUCTION
Subhumid Mediterranean mountains have two different kinds of interests for hydrological investigations:
first, they share the hydrological processes from both wet and dry environments; and second, they are
the source for water resources necessary for human life and activity in the drier downstream areas.
Furthermore, most of these areas were deforested in the past, but in the European Mediterranean area most
of the human activity decreased since the middle 20th century, which led to the recovery of bush and forest
vegetation. The knowledge of the hydrological functioning of these areas may help to anticipate
the hydrological consequences of both climate and land cover change, as well as to design land use strategies
that might counteract these consequences.
The purpose of this paper is to summarise the hydrological functioning of the Vallcebre catchments, paying
attention to the rainfall interception process, the moisture regime of the soils, the runoff generation
mechanisms, and the sediment transport processes.
Site characteristics
The Vallcebre catchments (Fig 1) are located in a middle mountain area of the Pyrenean ranges, built up
by sedimentary rocks and loamy soils. The vegetation cover is dominated by pastures and forests of Pinus
sylvestris, mostly occupying former agricultural terraces. Seasonal or temporary saturated areas occur
in downslope locations, as well as in the inner part of terraces, being easily identified by the growth
of hydrophile grasses such as Molinia coerulea. Some small heavily eroded areas (badlands) exist in the
catchments, with important hydrological and geomorphic roles.
Mean annual temperature at 1440 m a.s.l. is 7.3 ºC and mean annual precipitation is 924 mm with 91 rainy days
per year on average. Autumn is the main rainy season with the heaviest precipitation events, followed
by spring with less rainfall amounts but more rainy days (Fig 2). Some intense rainstorms occur in summer,
1

whereas winter is the season with less precipitation. Mean annual potential evapotranspiration is about
700 mm; June, July, August, February and March are months with water deficit.
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Fig 1:

Map of the Vallcebre catchments, showing the instrumentation and the sites cited in the text.
The Cal Parisa cluster consists of two catchments of similar size (Cal Parisa 1: 17 ha, Cal Parisa 2:
13 ha). The Cal Rodó cluster (417 ha) contains three sub-catchments (Can Vila: 56 ha, Ca l’Isard:
132 ha, Sta. Magdalena: 53 ha).
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Fig 2:

Monthly precipitation depths (bars), number of rainy days per month (figures between brackets), and
mean monthly air temperature at 1450 m a.s.l.
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Instrument set-up
Two clusters of small catchments (a paired set and an arrangement of 4 nested basins, see Fig 1) were
instrumented since 1989 for the study of hydrological processes, including sediment yield, in relationship
to land-use changes. The pluviometric network consisted of 12 tipping-bucket rain gauges, situated in pasture
areas or clearings, and connected to data-loggers that recorded 0.2 mm precipitation increments at a temporal
resolution of 1s. Two standard automatic weather stations (measuring global and net radiation, air temperature
and humidity, wind speed and direction and soil temperature) were installed in Cal Parisa 1 and Can Vila
sub-catchments.
All six streamflow gauging stations have control structures where water level and temperature measurements
were recorded at intervals between 2 and 60 minutes. Three of the gauging stations (Cal Rodó, Ca l’Isard and
Can Vila) were equipped with infrared backscattering turbidity sensors as well as automatic water sampling
devices controlled by data-loggers. Two of these stations (Cal Rodó, Ca l’Isard) were also provided
with suspended sediment sensors based on ultrasonic beam attenuation, which are appropriate for the high range
of sediment concentrations observed during storms (sometimes higher than 100 g l-1).
Soil water content has been measured in the Vallcebre catchments since 1993 using the Time-Domain
Reflectometry (TDR) method at 9 profiles distributed in the main geo-ecological units (only the more relevant
profiles are shown in Fig 1). These profiles consisted of sets of four vertical 20 cm-long probes permanently
installed in the ground at 0, 20, 40 and 60 cm depths, read every week with a Tektronix 1502-C cable tester.
A network of soil tensiometers was installed in late 1996 close to the soil moisture profiles. Depths to the water
table were measured weekly at two old wells and four continuously recording piezometers were instrumented
in the catchments in late 1995 to study the dynamics of the water table during rainfall events.
An experimental forest plot (site MF on Fig 1) has been monitored since 1993 to evaluate the water balance
of a representative afforestation patch of Pinus sylvestris. The plot was instrumented for the continuous
monitoring of rainfall interception (throughfall and stemflow collectors), tree transpiration (sap flow gauges)
and soil water potential, as well as for periodical measurements of soil moisture (see Llorens et al., 1997ab
for more details).

RESULTS AND DISCUSSION
Rainfall interception
Rainfall interception in the Pinus sylvestris forest plot was about 24% of bulk rainfall. Interception rates
were the highest (49%) during moderate rainfall events of low intensity under atmospheric dry conditions,
intermediate (15%) during long rainfall events of low intensity under atmospheric wet conditions, and the
lowest (13%) during short intense summer events under dry atmospheric conditions (Llorens et al., 1997b).
Nevertheless, the counteracting role of rainfall intensity and atmospheric conditions meant that the process
of rainfall interception was relatively similar throughout the year, with relative interception rates of 28, 25,
21 and 27% in spring, summer, autumn and winter respectively (Gallart et al., 2002).
Soil moisture
As a result of the seasonal distribution of precipitation and the annual pattern of evapotranspirative demand,
soil moisture showed a temporal pattern (Fig 3), characterised by the occurrence of a marked deficit period
in summer.
During most of the year, subsurface flow on hillslopes drove the spatial organisation of soil moisture and
the occurrence of saturated areas. Nevertheless, this spatial organisation was also controlled by the microtopography created by the old agricultural terraces and the patterns of vegetation cover. Wetter soils were
prevalent under grass cover and in inner parts of terraces, and drier ones under forest and in external rims
3

of terraces. During dry periods, subsurface flow was discontinued, causing the disappearance of the saturated
areas and the change of the spatial patterns of soil moisture (Gallart et al., in revision).
The temporal pattern of soil water content reflects the chief role of the dry period during summer that started
in late June, after the large rainfall input in spring, and ended between September and October, when large
rainfall events were able to restore soil water content and the subsurface water transfer along hillslopes
(Gallart et al., 2002).
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0.6

0.5
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Fig 3:

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Fortnightly averages of volumetric soil water content measured in three 80-cm deep profiles.
MF and MG are adjacent profiles located in a mid-slope position, covered by pine trees and
mesophile grass respectively. The DG profile is located in a downslope frequently saturated area,
covered by hydrophile grass.

Runoff generation
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Streamflow from the studied catchments was dominated by storm flow (Fig 4). The runoff generating
mechanisms showed a clear seasonal pattern, controlled by the soil moisture and the extent of saturated areas
(Latron et al., 2000; Latron and Gallart, 2002; Gallart et al., in revision).
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Daily runoff depths (black line) measured at the Can Vila sub catchment and base flow
contribution (grey line) estimated for this catchment from water table records using an exponential
relationship (Gallart et al., 2002). Data from year 1996.
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During summer, intense rainstorms produced flash floods (small peaks on Fig 4) with very low runoff
coefficients but high sediment concentrations. The dry condition of soils meant that during these events
runoff was only produced on the relatively small impervious and badland areas. At the end of the dry period,
the occurrence of large rainfall events could generate significant runoff in spite of the low water table
(intermediate event with low base flow estimated from the water table shown in Fig 4) because of the
perched saturation of the shallow soil horizons. Finally, during the wet season, runoff generation was
dominated by the role of precipitation over saturated areas and baseflow.
The hydrological response of the catchment during the year showed therefore a ‘switching’ behaviour
between a dry and a wet season, driven by the temporal pattern of soil moisture. A range of hydrological
models tested in the catchments showed particular difficulties in the simulation of the events at the end of the
dry period, as the models predicted either earlier or later saturation of soils than actually occurred.
These models had also some difficulties in reproducing the overall water balance, presumably because of the
large changes in water storage in the soils (for more details see Gallart et al., 2000; Anderton et al., 2002;
Latron et al., in press).
Sediment transport
Very low concentrations of suspended sediments in waters draining areas devoid of badlands were observed,
which confirms the protective role of the vegetation cover and the old soil conservation structures.
In contrast, stream waters in catchments with badlands showed very high suspended sediment
concentrations.
The seasonal pattern of erosion processes in badlands was characterised by regolith formation due to the
weathering action of freeze-thawing cycles, regolith compaction and moderate erosion during spring, mild
erosion in summer, and active erosion and transport in autumn (Regüés et al., 2000).
The results of 5 years of sediment yield monitoring in the sub-catchment with a larger relative area covered
by badlands (4.5%) showed that the seasonal transport of suspended sediment increased progressively
from winter to summer, and rose suddenly in autumn (Fig 5). The seasonal distributions of precipitation and
runoff did not follow the same pattern, showing the non-linearity of the relationships between rainfall, runoff
and sediment transport.

Precipitation

Storm runoff

winter
15%

Sediment transport

autumn
29%

spring
26%

spring
15%

spring
26%
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Seasonal distribution of precipitation, storm runoff and suspended sediment transport obtained for
the Ca l’Isard sub-catchment with 4.5% of badland surface.
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ABSTRACT
This article shows how soil water transport determines runoff formation from a small forested catchment during
the vegetation season. Areal homogeneity of the soil water regime is also studied. Analysis of the relation
between the soil water regime and runoff from a catchment shows that: (i) the small catchment covered
by vegetation behaves hydrologically as a homogenous unit, (ii) runoff in a small catchment can be investigated
as two transformations: rainfall to the outflow from the soil, and outflow from the soil to runoff. The proportion
of both transformations in runoff generation changes following the running phase of the soil water regime.

Keywords runoff formation, soil water regime, small catchment
INTRODUCTION
The so-called rainfall-runoff relationship has been studied in depth in the past. Its formulation was based
on the finding that in large catchments (with areas exceeding 100 km2), a well definable relationship
between the actual discharge in the closing profile and the precipitation total for a given antecedent period
can be found. Gradually it became evident that models conceived in this way are unable to describe the
reality of runoff formation from small catchments (with areas up to 10 km2). The detailed description of soil
water transport offers a promising direction for further research activities (Kostka and Holko, 1997;
Tesař et al., 2001).

EXPERIMENTAL CATCHMENT
The experimental catchment Liz is located at altitudes ranging from 828 to 1074 m a.s.l. in the Šumava Mts.
in the Czech Republic. The fully forested watershed (spruce) has a drainage area of 0.99 km2. The soil cover
(acid brown soil) is composed of several horizons with different hydraulic properties. Infiltrated water
largely flows downward through the soil profile, so that surface and subsurface runoff is a rare phenomenon.
The highly permeable subsoil forms a shallow drainage layer transporting water from the soil to a small
brook. This layer is not fully filled with water, so that no significant areas with a ground water table can be
found in the catchment. Geological bedrock (paragneiss) forms an impermeable layer. The experimental area
is described in detail in a publication by Pražák et al. (1994). Air temperature, precipitation, global radiation,
tensiometric pressure at different depths in the soil, and discharge in the closing profile are measured
in the catchment.
The outflow from the soil is evaluated using a soil water balance equation on a daily time step: outflow
from the soil into the drainage layer = daily precipitation – daily evapotranspiration – daily change of the soil
water content. Time series of tensiometric pressures, daily precipitation and evapotranspiration totals are
measured. Retention curves are used in the recalculation of tensiometric pressures in the soil water
(Pražák et. al, 1994). The soil water content is the total amount of water contained in the particular soil
layers. The daily change of the soil water content is determined as the difference between the soil water
content at the end and at the beginning of each day. Actual evapotranspiration is evaluated as the water
requirement for plant cooling (Pražák et al., 1994; Tesař et al., 2001). The outflow from the soil into
the drainage layer is the only unknown variable in the balance equation. It is a computed value.
Water transport in the Liz catchment – from the onset of rainfall up to the discharge in a stream – can be
divided into two parts: (1) the water movement in the soil, and (2) the flow of water through the subsoil
(drainage layer) into the stream. Following the proposed schematisation, water transport in the soil can be
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excluded from the hydrological cycle in the catchment and investigated separately. The outflow from the soil
is the only inflow into the drainage layer. Water contained in the drainage layer does not flow back into the
soil cover. In principle, the soil water movement is one-dimensional and vertical. Water in the sloping
drainage layer moves downhill to the stream. In an article by Tesař et al. (2001), two types of soil water
transport are discussed: the diffusion type flow (DTF) in drier soils, and the instability driven flow (IDF)
in soils with a higher soil water content. This corresponds to two phases of soil water flow – the percolation
phase (when IDF is taking place) and the accumulation phase (when DTF is taking place). In the course
of the percolation phase, the infiltrating rainwater flows through the soil without causing any considerable
increment of soil water content. During the accumulation phase, rainwater accumulates in the soil without
flowing through the soil profile.

AREAL HOMOGENEITY OF THE OUTFLOW FROM THE SOIL COVER
The influence of areal heterogeneity of the soil and vegetative cover on the outflow from the soil in the Liz
catchment was studied on data from 1999. Ten randomly distributed monitoring stands were located
in the catchment. Tensiometric pressures at depths of 0 – 17 cm, 17 – 40 cm, 40 – 50 cm, and 60 – 100 cm
were measured. Fig 1 shows the typical pressure variation in the soil horizon at a depth of 17 – 40 cm
at three different stands. The general impression is chaotic and it would seem that the soil water regime
of the upper horizon is very heterogeneous. Pressure variations show the same pattern in all soil horizons.
On the other hand, as is shown in Fig 2, the relation between the soil water content and precipitation is quite
evident. Precipitation in Fig 2 is presented as a total depth between two consecutive measurements of the soil
water content.

Fig 1:

Tensiometric pressures at a 17 – 40 cm depth in the soil horizon (stands 1, 4, 10).

Fig 2:

Soil water content (stand 1) and precipitation.

The mutual relationship between precipitation, evapotranspiration and outflow from the soil into the drainage
layer can be seen in the mass curves presented in Fig 3. It can be said that the infiltrated precipitation
outflows into the drainage layer only during percolation phases. The soil draining happens practically
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at the same time in all stands (Fig 4). The seasonal outflow varies in the range of 187 to 259 mm.
If we eliminate the distant stands (No. 2 and 4), the range narrows to 209 to 234 mm. This means that
for a seasonal precipitation total of 367 mm, approximately 55 to 64 % of the precipitation flows
from the soil into the drainage layer. The variability in outflow is 9 % of the precipitation total.
If we consider that precipitation is measured with an error margin of 10 %, this means that the water outflow
from the soil is measured with the same inaccuracy as precipitation (due to the soil cover heterogeneity).
In the Liz catchment, it was thus demonstrated that the soil water regime is homogeneous
from the hydrological point of view. This conclusion is supported not only by the measurements in the wet
year 1999, when a precipitation deficiency did not appear (potential transpiration in 143 days was about
160 mm, precipitation 367 mm), but also in the dry year 2000, when potential transpiration (282 mm
in 149 days) reached the precipitation total (280 mm).

Fig 3:

Mass curves of precipitation, outflow from the soil (stand 1) and evapotranspiration.
P – percolation phase, A – accumulation phase.

Fig 4:

Mass curves of the outflow from the soil (stands 1, 4, 10).

RUNOFF FORMATION
The rainfall-runoff relationship in the Liz catchment during the vegetation season of 1999 is shown in Fig 5.
Three significant precipitation events (S1, S2, S3) and the consequent generated discharge waves
(O1, O2, O3) are marked out. In the figure, P1, P2, P3 represent percolation phases caused by precipitation,
and A1, A2, A3 represent consecutive accumulation phases. It is obvious how significantly the soil water
outflow depends on the soil water content (Table 1). In the situation S3 (where there is the highest soil water
content of all situations), 100 % of the precipitation on the soil surface outflows, even when the precipitation
total is the lowest of all the situations. In the situation S1 (when the soil water content is lower than
in the situation S3), an almost seven times higher precipitation amount generates an outflow equal to only
44 % of the precipitation. Such discrepancies (as seen in data in Table 1) are caused by the oscillation
phenomena in gravity driven drainage (Pražák et al., 1992).
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Fig 5:

Precipitation and runoff from the catchment.
Table 1: Precipitation events in the vegetation season 1999.

Precipitation
event
S1
S2
S3

Duration
(days)
6
4
3

Pressure
(kPa)
-55
-73
-36

Precipitation

(mm)
137
70
20

Runoff
(mm)
17
3
0,7

Outflow
(mm)
60
60
20

Runoff
(%)
13
4
4

Outflow
(%)
44
86
100

Pressure (kPa) in Table 1 represents the tensiometric pressure at a depth of 100 cm. Precipitation (mm) is the
total precipitation during the event. Runoff (mm) is the volume of the discharge wave in the stream
decreased by baseflow. Outflow (mm) is the volume of the outflow from the soil. Runoff (%) and outflow
(%) are related to the precipitation total.
Discharge waves in the stream have the same duration as the precipitation in all three cases. The percolation
phases in situations S1 and S2 have the same duration as well. The percolation phase ends with the end
of precipitation (successive precipitation does not outflow from the soil into the drainage layer) and the
accumulation phase begins (runoff in the stream continuously decreases as the drainage layer empties and
does not react to precipitation).
However, in the situation S3, the percolation phase persists for about 15 days after the discharge wave
in the stream. Successive precipitation flows through the soil into the drainage layer. Fig 3 indicates
an explanation of the phenomenon. In the period following the situation S3 there was very low water uptake
for plant transpiration, the soil cover was not sufficiently depleted to be able to accumulate precipitation.
The soil water content decline (Fig 2) is due to the water outflow into the drainage layer and not due to its
uptake by transpiration. Moreover, the deepest soil horizon was amply saturated by the water
at the beginning of the precipitation, because the tensiometric pressure at a depth of 100 cm was the highest
(Table 1).
Mass curves in Fig 6 and Fig 7 show differences between the precipitation-runoff transformation, and the
precipitation-soil water outflow transformation. In Fig 6 symbols S1, S2, S3 denote precipitation (Fig 5).
In Fig 7 symbols V1, V2, V3 denote outflow from the soil due to precipitation S1, S2 and S3 (Fig 5), and
K1, K2, K3 denote the tangents of the steady outflow. While the outflow from the soil is markedly
an episodic event (the mass curve has a step-like form), water outflows from the catchment steadily
(the mass curve is more continuous).
It is possible to deduce by the analysis of both mass curves (Figs 6, 7) that the soil water outflow-runoff
transformation behaves exactly as the precipitation-runoff transformation. During the percolation phase
the water fills up the drainage layer. Water flows into the stream and generates a perceptible discharge wave
of short duration (several hours to days) when the drainage layer is sufficiently replenished by the outflow
from the soil. During the accumulation phase the drainage layer slowly empties by outflow into the stream.
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Water forms the so-called baseflow in the stream. The baseflow decreases in time but usually not to zero.
The lowest value of the baseflow, the steady runoff, is the characteristic constant value for the studied
catchment. Fig 7 shows that the steady runoff is practically identical at the end of every accumulation phase
(tangents of runoff mass curve K1, K2 and K3 are parallel).

Fig 6:

Mass curves of precipitation and runoff.

Fig 7:

Mass curves of the outflow from the soil (stand 1) and runoff.

DISCUSSION
It appears that the rainfall-runoff transformation takes place in two steps in the Liz catchment. In the first
step the soil behaves as a reservoir, filled with rainwater and emptied by the water uptake for plant
transpiration. In the course of the vegetation season, the soil water content oscillates between two typical
values – maximum and minimum. The maximum value corresponds to a soil water content where
the infiltration of further rain results in instability driven flow and a percolation of water to the drainage
layer. The minimum value corresponds to a soil water content where insufficient soil moisture renders
a further withdrawal of water for plant transpiration impossible.
Table 2: Water balance in the vegetation season 1999.
Season
Precipitation
Evapotranspiration
Outflow
Runoff
Drainage layer recharge

day 162 – 305
367 mm/143 days
158 mm/143 days
203 – 234 mm/143 days
103 mm/143 days
106 mm/143 days

duration 143 days
43 % of precipitation
55 – 64 % of precip.
28 % of precipitation
28 % of precipitation
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2.6 mm/day
1.1 mm/day
1.4 – 1.6 mm/day
0.7 mm/day
0.7 mm/day

The second step of the rainfall-runoff transformation, water movement in the drainage layer, is not
complicated from the hydraulic point of view. The drainage layer forms a reservoir in which water is stored
for a long time. An interesting point concerning the catchment water regime is noticeable in the summarised
data of the 1999 vegetation season presented in Table 2. Only half of the water from the soil flowed out
of the catchment; the remaining half was retained in the drainage layer. In such a manner, water storage
in the catchment is generated, which feeds the baseflow during the frost period when water does not flow
into the drainage layer.
The mechanism of increasing oscillation outflow explains why there is no clear connection between
the so-called causal precipitation and the runoff in a small catchment, typically up to 10 km2. In such a small
catchment, a correlated effect of the oscillation outflow in a large area appears from time to time resulting
from the soil water regime homogeneity. Due to the above, a considerably higher amount of water outflows
from the catchment than would correspond to the causal rainfall. The soil profile is drained and the next
precipitation is held back in the soil, therefore it does not affect the runoff from the catchment. Thus another
factor enters into the rainfall-runoff relationship: the soil water content. On the other hand, in a large
catchment with a drainage area of more than 100 km2 the areal correlation of the oscillation outflow is highly
improbable. The oscillation outflow from partial areas is not large enough to substantially affect the runoff
from the entire catchment. At the same time however, it holds that increased rainfall activity brings about
greater runoff from the catchment, and vice versa. This is why, in a large catchment, the rainfall-runoff
relationship is well described by the concept of antecedent rainfall.

CONCLUSIONS
Analysis of the relationship between the soil water regime and runoff from a catchment shows that:
(i) a small catchment covered by vegetation behaves hydrologically as a homogenous unit, (ii) runoff in a
small catchment can be investigated as two transformations: (1) rainfall to the outflow from the soil and
(2) outflow from the soil to runoff. The proportion of both transformations in the generation of runoff
changes following the running phase of the soil water regime.
Two phases interchange in the soil water regime: the percolation phase (rainwater percolates through the soil
into the drainage layer, through which it flows into the stream) and the accumulation phase (rainwater
accumulates in the soil and does not outflow into the drainage layer). Different mechanisms of runoff
formation act in both phases. In the percolation phase, water storage recharges into the drainage layer and
outflows into the stream in discharge waves immediately reacting to precipitation. In the accumulation
phase, water slowly outflows from the drainage layer and forms baseflow. Alterations of the accumulation
and the percolation phases can be described with the help of two rules. (1) The percolation of soil water
to the drainage layer sets in if the critical soil moisture is exceeded. In this situation, the water supplied
by rainfall causes a pronounced water outflow and a decrease in the soil water content. (2) In a situation
when the soil moisture is less than critical, percolation is negligible.
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ABSTRACT
The hydrological behaviour of the small (0.8 km²) granitic Strengbach catchment (Vosges mountains, Eastern
France) was investigated during an intensive summer rainfall event (30 mm) by hydrological, isotopic and
chemical measurements of streamflow components. 18O, Si, DOC were selected to assess the different
contributing sources using mass balance equations and end-member mixing diagrams. Gauging indicates that
most of the water (62%) comes from the lower part of the catchment. Isotopic hydrograph separation indicates
that the pre-event water dominates (78% of the total runoff), even at peak flow (55% of the discharge).
The chemical separation distinguishes the contribution of water coming from the deep layers of the hillslopes
(55-64 %) from that coming from the upper layers of the downslope saturated area (45-36%). Peak flow is
mainly produced by the superficial layers of the saturated areas; processes involved could be the superficial
runoff due to groundwater exfiltration after rapid infiltration.

Keywords hydrograph separation, 18O, dissolved organic carbon, silica, event water, contributing
areas

INTRODUCTION
The understanding of streamflow generation processes in different environmental conditions has been
considerably improved by using tracers in hydrograph separation. After the pioneering work of Voronkov
(1963) on separating hydrographs on a hydrochemical basis, chemical tracers have been widely used
for identifying the origin of contributing reservoirs (as example Pinder and Jones, 1969; Hooper et al, 1990).
Later on, stable isotopes (2H, 18O) have been successfully used (Sklash and Farvolden, 1979; Mc Donnell
et al., 1990) to separate hydrographs into the water stored in the catchment prior to an event (pre-event or old
water) and into that of the event (event or new water). Subsequently, studies associating both chemical and
isotopes tracers (Fritz et al., 1976; Hooper and Shoemaker, 1986; Wels et al., 1991) have been carried out
to compare the two methods. Although the hydrological role of the downslope saturation area has long been
known (Cappus, 1960), its quantification by a combination of hydrological, isotopic and chemical
measurements is not done frequently (Ladouche et al., 2001). In this paper we attempt to estimate
the contribution of rainfall, as well as the role of contributing areas and of storages, to streamflow by such
a combined approach in the Strengbach catchment (Vosges mountains, Eastern France) for a short summer
event (22-23 July 1995).

SITE DESCRIPTION, INSTRUMENTATION AND METHODS OF ANALYSIS
The Strengbach forested catchment is located on the eastern side of the Vosges massif (north-eastern
France). This small catchment (0.8 km²) ranges from 883 m to 1146 m (a.s.l.) and lies mainly on base-poor
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granitic bedrock. Soils are acidic and coarse-textured. The catchment is forested predominantly with Norway
spruce (65% of the area), and mixed beech and silver fir (the remainder of the area). The climate is temperate
oceanic-mountainous. Mean annual precipitation is 1400 mm regularly spread throughout the year and mean
annual runoff is 850 mm with high flow rates in the cold season and low flow rates at the end of summer.
A variable saturated area (up to 3% of the catchment area for a 128 l.s-1 discharge), close to the outlet,
is connected to the stream (Fig 1).
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Location and measurement network of the Strengbach catchment.

During the event of 22-23 July 1995, rainfall was sampled at a variable time step (2, 4, 8, or 16 minutes)
at the site (PS) close to the outlet. Soil water solutions were collected with porous cups under pressure
(500 mbar) at 6 depths (0.15, 0.3, 0.45, 0.6, 0.75, 0.9 m) at 3 sites located at the lower part of the northfacing slope. Water sampling of the groundwater was done using the piezometer network (A, C, D, E, F, G)
and 2 micropiezometers at 3 levels (0 to 0.6 m depth). Discharges from the main stream (sites RS, RAZS)
and tributaries (sites BH and RUZS) were measured with flumes and sampled simultaneously (Fig 1).
The water sampling frequency was adjusted to the temporal evolution of discharge (5, 10 or 15 minutes).
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The major chemical parameters (Na , K , Ca , Mg ,SO4 , NO3 , Cl , NH4 ), silica, alkalinity, dissolved
organic carbon (DOC) and stable isotopes (2H, 18O) were analysed for both groundwater and surface water
with methods described in Ladouche et al. (2001). Isotopic ratios are reported in the δ notation (as ‰)
relative to the Vienna-Standard Mean Ocean Water (Gonfiantini, 1978).
For both chemical and isotopic tracers, the well-established two to n-component mixing model (Pinder and
Jones, 1969) was used to separate the streamflow components. This approach based on two mass
conservation laws (water and tracer), allows separating the contribution of the different components
(event or pre-event water, superficial or deep layer water) which correspond to different reservoirs or
contributing areas.

RESULTS AND DISCUSSION
Hydrological features
The event on 22 July 1995 occurred during low water flow conditions, discharge at the outlet (RS) was only
3.5 l.s-1. Rainfall started at 14:30 hours and lasted until 21:00 hours. This event was a typical intensive
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(up to 60 mm.h-1) summer rainstorm with three short interruptions. The total amount of the four showers was
30 mm (Fig 2). The corresponding hydrograph is characterized by three discharge peaks (40, 34 and 17 l.s-1
at the outlet) in response to the successive rainfall events (18, 7.4, 3.3 and 1.5 mm) (Fig 2). The rapid
response (5 minutes) of the stream and the tributaries to the rainfall suggests that the contributing areas are
close to the brook and especially to the outlet.
Water table measurements show a general water level increase between 15 and 20:00 hours, with a 0.4 to
0.5 m value (Fig 3). The piezometers located in the upper part of the slope (E, for example) indicate
a maximum water level at 15:30 hours, and then a plateau or a decrease is observed. Whereas the water level
of the downslope piezometer A only begins to increase at 19:00 hours and reaches a maximum
at 22:00 hours, which could indicate a downward wave propagation on the slope.
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Fig 2: Hyetograph
and
hydrograph
of the stream at the outlet (RS) and
at the upper subcatchment (RAZS),
and of the tributary draining the
saturated area (RUZS).

Fig 3: Hydrograph and variations of water
table depths in the different
piezometers in the saturated area.

The total stormflow volume is estimated to be 927 m3. A graphical hydrograph separation based
on the straight line method determines a direct runoff or ‘quickflow’ volume of 330 m3 whereas
the remaining 597 m3 is attributed to ‘delayed flow’; quickflow then represents only 1.4 %
of the 24000 m3, assuming rain on the entire basin. That means that most of the rain is stored
in the catchment during this event. The specific discharge of the upper subcatchment (RAZS) is only
of 25 l.s-1.km-2 at the first peak whereas for the downstream zone (between RAZS and RS), it can reach
100 l.s-1.km-2. Hence, considering the specific discharge, the most efficient contributing source area
is located in the lower part of the catchment. For the whole event, the contribution of this area is 62 %
of the total volume of the flow, while it represents only 32 % of the catchment area.
Isotopic features
The 18O content of streamwater during baseflow conditions (-9.3 ‰) is very similar to the spring value
(-9.35 ‰) suggesting that stream baseflow is composed exclusively of groundwater (Ladouche, 1997).
Consequently, groundwater flow controls baseflow and its isotopic composition can be used to characterise
the pre-event component. The isotopic rainwater composition varies between -3 ‰ and -6 ‰ but most
of the data are close to a -4 ‰ value. This temporal variation is not very important compared to another
event where a range of 9 ‰ has been recorded (Ladouche et al., 2001). The isotopic composition
of streamwater at the outlet varies greatly from -9.3 ‰ before the event to -7.1 ‰ at the peak flow and
returns to the initial value during the recession stage (Fig 4). The same behaviour is observed for all
the tributaries. This variation of δ18O value in streamwater suggests that the event water contribution is
rather important.
The isotope hydrograph separation has been performed using the event weighted isotopic signature of each
shower (McDonnell et al., 1990) and with a constant pre-event signature (-9.3 ‰, stream baseflow value).
The hydrograph separation (Fig 5) at the outlet indicates that, the event contribution can reach a maximum
15

value of 40 to 45 % at the two main discharge peaks (40 and 34 l.s-1). The same magnitude is observed
at sites BH and RUZS. At the site RAZS, the rain contribution is only 33 % of the discharge. For the whole
rainfall event, the new water contribution is 22 % at the outlet and is relatively important in comparison
with a 10 % value obtained for a 40 mm rainfall event (Ladouche et al., 2001).
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Fig 5: Two-component (event/pre-event)
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The analyses of samples of porous cups (site SC) show that there is a layering of the isotopic composition
of the water (Fig 6). In the upper layers (0 to 40 cm), the signal is enriched (-4.5 to -7 ‰ value) indicating
a mixing of waters (pre-event and rain water) and reflecting an important contribution of the event rain
water, whereas in the deeper layers (65-90 cm) the signal is impoverished (-9 ‰) indicating a minor
influence of the rain. A comparison with streamflow indicates that, during peak flow the variation
of the signal at station RS is strongly influenced by that of station RUZS or the upper layer signal
of the saturated area. However, during the recession period the deeper layers of this saturated area dominate.

0
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Time (h)

Fig 6: Variations of δ18O in the porous cups
(Site SC) at various depths (25-90 cm).

Fig 7:

Variations of DOC, silica and
discharge at the outlet.

Geochemical features
During the storm event, the rainwater is acidic (mean pH of 4.5), with low concentrations of major elements
(Total Dissolved Salts = 5.6 mg.l-1) (Idir, 1998). Ammonium, calcium, nitrate and sulphate are dominant,
whereas dissolved silica and DOC are negligible, as already observed (Probst et al., 1990; Ladouche et al.,
2001). The concentrations of almost all the elements decrease during the first two showers on 22 July and
increase temporarily during the third shower. Streamwater pH is circumneutral (pH 6.0-6.5), indicating
an important buffering capacity of the catchment, and calcium and sulphate are the dominant ions.
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According to their chemical behaviour in relation to the discharge variations at the outlet (RS), two groups
of chemical parameters can be identified at the upper subcatchment site (RAZS) and at the BH tributary:
2-

+

-

+

the elements which are diluted with increasing discharge (SO4 , Na and H4SiO4) and the elements which are
-

2+

2+

concentrated with increasing discharge (DOC, NO3 , Cl , K , Ca , Mg and alkalinity) (Fig 7).
In streamwater, the rapid increase of Ca, K and DOC concentrations could be due to canopy and soil surface
leaching by the first rain drops, whereas the high concentrations of sulphate or silica in streamwater are
diluted by the low rain content.
In order to identify the contributing sources to the chemical composition of streamwater, end-member
mixing diagrams (Christophersen et al., 1990) have been performed for major elements (Idir, 1998).
Among analysed parameters, the linear mixing diagram between DOC and silica (Fig 8) shows that
streamwater at the outlet (RS) can be explained mainly by two obvious end-members: the component
with high DOC and low silica concentrations characterizes the upper horizons of the saturated area
(1: Q sat), whereas the component with high silica and low DOC content represents the deeper layers of the
hillslopes (2: Q hill) as already observed for another event (Ladouche et al., 2001).
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Fig 8: Mixing diagram between DOC and
silica for the sampling sites;
1: upper layers of the saturated area;
2: deep layers of the hillslopes.

Fig 9: Two-component (deep layers of hill
slopes: Qhill; surface layers of the
saturated area: Q sat) hydrograph
separation using DOC.

A chemical hydrograph separation has been performed at the outlet using silica and DOC. The results of the
separation performed using DOC with constant end-member values (11 and 1.5 mg.l-1 values respectively)
are presented in Fig 9. For the whole event, the surface waters draining Q hill represent 55 % of the total
volume while the remaining 45 % is attributed to Q sat. Nevertheless, the contribution of Q sat can represent
62 % and 68 % respectively of the discharge during the two main peak flows. The results of the separation
using silica are similar, even if the Qhill contribution (64 %) is slightly higher than that obtained with DOC.

DISCUSSION AND CONCLUSIONS
This study combines three approaches to trace the origin of the water contributing to streamflow generation.
The hydrological measurements indicate that the downstream zone of the catchment is the most efficient
contributing area to streamflow and that the water table reacts very quickly to rainfall. The stable isotopes
show that the peak flows, which are composed of a non-negligible proportion of rain, are generated
by pre-event water coming from the superficial layers of the saturated area, whereas during the recession
phase, the influence of the deeper layers increases. The chemical tracers clearly exhibit that during peak
flows the water comes mainly from the upper layers of the saturated area. Considering these different
approaches, the scheme proposed for this event could be as follows. Before the event, streamflow
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is composed of pre-event water draining the deep layers of the superficial formations. During peak flow,
a rapid infiltration of an important part of rain via preferential pathways (macropores) could explain
the sharp rising of the water table, the variation of the isotopic signature and the decrease of silica content
in the superficial layers. This groundwater ridging causes the extent of the saturated area to increase, which
could induce superficial runoff due to groundwater exfiltration. Then, in the final stage, most of the water
comes from the downstream hydrological zone and the event water proportion reduces, whereas the deep
layer contribution becomes highly dominant.
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ANALYSIS OF RAINFALL-RUNOFF EVENTS
IN A MOUNTAIN CATCHMENT
Zdeno Kostka, Ladislav Holko
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Ondrašovecká 16, 031 05 Liptovský Mikuláš, Slovakia

ABSTRACT
The study presents results of the analysis of rainfall-runoff events in the mountain catchment of Jalovecký creek,
Slovakia, in snow-free seasons. Daily to 10-minute data from the summer seasons 1989-2001 were analysed.
Catchment response to rainfall was very fast. The spatial distribution of precipitation did not seem to influence
the response. The rainfall amount was the most important parameter determining catchment runoff. There is no
evidence of a strong relation between runoff and pre-event saturation. The data indicate the existence
of a threshold of about 40 mm of rainfall, which is important for the runoff response of the catchment.

Keywords mountain catchment, rainfall-runoff events, catchment saturation state
INTRODUCTION
Fast response of runoff to precipitation events is a typical feature of mountain catchments. This phenomenon
is explained by the low retention capacity of high mountain areas (Hladný and Pacl, 1974). The precipitation
amount and its spatial distribution primarily influence runoff volume during a flood event. It is expected that
characteristics of the flood wave depend also on the state of catchment saturation before the event. This can
be characterised by an antecedent precipitation index (e.g., Hladný and Pacl, 1974), by pre-event soil
moisture (Silveira et al., 2000) or by the dynamic source area concept (Myrabø, 1986).
This study was devoted to the analysis of rainfall-runoff events in the mountain catchment of Jalovecký
creek, Slovakia. The objectives were to
• describe the frequency and magnitude of flood events in snow-free seasons,
• characterise catchment response to rainfall,
• check the role of the spatial distribution of rainfall and the influence of the catchment saturation state
on catchment response to rainfall.

CATCHMENT DESCRIPTION
The Jalovecký creek catchment is situated in the Western Tatra Mountains, north Slovakia, near the town
of Liptovský Mikuláš. The catchment area is 22.2 km2, elevations range between 816 and 2178 m a.s.l.
The catchment is formed mainly by gneiss and schist (48% of catchment area), and granodiorites (21%).
Mesozoic rocks dominated by limestone and dolomite build up 7% of the catchment. Quaternary loose
sediments cover 24% of the catchment. The average slope is 30° and most slopes have south-eastern
to south-western orientation. The soil types are Cambisols, Podsol, Ranker and Lithosols. Soil depths vary
between 55-125 cm on the average (Kostka and Holko, 1997). Forests dominated by spruce cover 44%
of catchment area, dwarf pine covers 31% and alpine meadows and bare rocks cover the remaining 25%.
The location of the catchment and the observation network are shown in Fig 1. Catchment mean annual
precipitation (1989-2001) is 1575 mm, mean annual runoff is 1030 mm and the average annual air
temperature at catchment mean elevation (1500 m) is 3.4 °C.

METHODS AND DATA
Simple statistics and regression analysis are the basic methods used in this study. They are used to describe
the frequency, duration and magnitude of flood events and to compare precipitation and runoff
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characteristics. The catchment saturation state was characterised by the antecedent precipitation index,
catchment retention capacity index, and soil water content in the root zone and in the upper 1 m layer of soil.
The antecedent precipitation index IPZ was calculated according to Hladný and Pacl (1974):
N

IPZ N ,k =

∑P ⋅k
i

i

i

where i – day before the event, N – number of days involved, Pi – precipitation on the i-th day before
the event, k – evapotranspiration constant (0<k<1). The calculation was performed for various values of N,
the value of k was set to 0.98 .
The catchment retention capacity index (Mendel, 1971) was calculated as:
N

IL30 =

∑

Pi ⋅ (N + 1 − i )

i

465
where i – day before the event, N – number of days involved, Pi – precipitation on the i-th day before
the event. The value of N was set to 30.
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Fig 1:

Location of the Jalovecký creek experimental catchment and the measuring sites; site 1 - catchment
outlet with discharge measurements and 10-minute rainfall measurements in 2001 and 2002;
sites 4, 5, 7 and 10 - hourly (or 10-minute in summer 2001 and 2002) precipitation measurements;
site 2 - daily precipitation measurements; sites 3 and 4 - weekly precipitation measurements;
sites 3, 4, 6, 7, 8 and 9 - monthly precipitation measurements.

The soil moisture content in the root zone, in the upper 1 m of the soil layer, and evapotranspiration were
modelled with the distributed hydrological model WaSiM-ETH (Schulla and Jasper, 1999). The model was
calibrated against measured catchment runoff, and point measurements of snow water equivalent and soil
moisture.
The analysis of rainfall-runoff data was based on data from 1989-2001. Monthly precipitation was measured
by storage gauges at 6 sites. The height of the storage gauge is 3 meters and it is equipped with the Nipher
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wind shield. Weekly precipitation is measured by standard gauges of the Slovak hydrometeorological service
(height 1 m, unshielded) at 2 sites. Hourly or 10-minute precipitation was measured at 1-4 sites by the
tipping bucket gauges Sierra Misco (height 30 cm). Hourly or 10-minute runoff was measured at the
catchment outlet (Fig 1). The analysis was based on data from summer seasons (June-September) only,
in order to exclude the snowmelt events. Basic analyses were done with daily and hourly data. Limited series
of 10-minute data were also used. Daily data were measured in the hydrological years 1989-2001
(35 rainfall-runoff events), hourly data were available from hydrological years 1993-2001 (88 events).
10-minute rainfall and runoff data were measured in the summer seasons 2001 and 2002. Catchment rainfall
used in the analyses was calculated from uncorrected point measurements by a combination of elevation
gradient and inverse distance methods.
Single and complex rainfall-runoff events were distinguished in the analysis. We determined single events
as those events which had just one peak followed by longer recession. Complex events had several peaks
(Fig 3).

RESULTS AND DISCUSSION
Frequency, magnitude and duration of flood events

Frequent rainfall-runoff events typically occur during the warm period of the year in the Jalovecký creek
catchment. Fig 2 gives an idea of the magnitude of precipitation and runoff in the summer seasons
1989-2001. Years 1992, 1994 and 1999 were relatively dry while years 1991, 1996, 1997 and 2001 were
relatively wet (Fig 2). Wet years have more runoff events. Seasonal catchment precipitation (total for JuneSeptember) varied between 452 mm in 1992 and 1099 mm in 2001. Runoff in the same period varied
between 249 mm (1992) and 727 mm (2001). Runoff during the driest and wettest seasons is shown in Fig 3.
1200
Precipitation

1000

Runoff

[mm]

800
600
400
200

Fig 2:

2001

2000

1999

1998

1997

1996

1995

1994

1993

1992

1991

1990

1989

0

Seasonal catchment precipitation and runoff in years 1989-2001 - totals for June-September.

The number of events in different years varies according to the precipitation amount and the time resolution
with which the data are analysed (daily or hourly). Generally, the variability of runoff on the same calendar
day in different years was large. Only the period between August 17 and 27 consistently shows rather low
runoff. The variability of catchment runoff in that period is the lowest in the season.
Considering a daily time resolution, only up to 3 single events occurred during the season. Often there was
no single event in a season. Complex events were more frequent. Typically, two complex events occurred
in a season (Table 1). About 2.6-26.5 mm (6.4 mm on the average) of runoff was observed during the day
of peak flow. This represents discharges QMAX of 0.655-3.796 m3s-1 (1.655 m3s-1 on the average).
Total precipitation before and during the single flood events varied between 26 mm and 183 mm (average
73 mm) and resulted in runoff of 9 -126 mm (average 48 mm). Total precipitation during complex flood
events varied between 100 - 704 mm (average 265 mm). The resulting runoff varied between 53 - 507 mm
(173 mm on the average). The mean runoff coefficient of both single and complex events was about 0.66.
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Runoff during the driest and the wettest seasons, examples of single and complex events.

Daily data provided initial information on the frequency and magnitude of runoff events. At the same time,
the calculation of catchment rainfall was relatively easy for daily data. Daily data were therefore used in the
analysis of relationships between rainfall and runoff volumes. On the other hand, daily data are too coarse
to analyse maximum catchment discharge, concentration time or duration of an event. They can even provide
contradictory conclusions regarding the discrimination between single or complex flood events (Table 1).
Time to peak based on daily data can also be estimated incorrectly in a small mountain catchment.
Hourly data are more suitable for such an analysis. Hourly data in the Jalovecký creek catchment revealed
substantially more single flood events than the daily data indicated. The typical duration of single flood
events was about 2.5 days. Complex events lasted almost 10 days on the average. Corresponding catchment
mean hourly runoff was 14.5 and 66.7 mm respectively. Peak hourly runoff varied between 0.04 and
1.38 mm.hour-1 (0.244-8.433 m3 s-1, mean 2.043 m3 s-1 ).
Table 1: Basic characteristics of rainfall-runoff events in the Jalovecký creek catchment.

Events
Number of events
Number of events per year*
Mean duration
P-R delay
Qo-Qmax (time to peak)

Daily data
(1989-2001)
Single
Complex
15
20
0–3
0-3
12 days
33 days
0 days
0 days
3 days
9 days

Hourly data
(1994-2001)
Single
Complex
61
27
8 - 13
2–6
63 hours 220 hours
1 hour
1 hour
3 hours
3 hours
*June to September

Response of catchment runoff to rainfall

All data (daily, hourly, 10-minute) showed a fast response of catchment runoff to rainfall. According to
hourly data, runoff usually increased within 1 hour after the beginning of precipitation and maximum runoff
occurred within 3 hours after the onset of rainfall (Table 1).
Although catchment response to rainfall is very fast, flash floods are not frequent. A flash flood
is understood here as a sudden flood of great volume or a flood that crests in a short length of time and
is often characterised by high velocity flows (Nevada Division of Water Planning, 2000). Such events
occurred in the Jalovecký creek catchment in the summers 1987, 1988, 1994, 1997 and 1998.
Catchment discharge rates increased typically 4-10 times within 1-3 hours during flash floods. Extraordinary
among the flash floods was the event observed on 7 August 1994. About 36 mm of rainfall occurred
in 2 hours. The catchment hourly discharge rose from 0.254 m3.s-1 to 4.05 m3.s-1 within 1 hour, i.e.
about 16 times.
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Summer months in the Jalovecký creek catchment are usually relatively wet. However, dry periods lasting
for several weeks occurred quite often (1990-1992, 1995, 1998-2001). It appears that on a daily time scale
there is a threshold of about 40 mm of rain which has to fall after such relatively dry periods before the flood
events occur (Fig 4). Approximately the same limit seems also to be important in the case of more complex
flood events. This could correspond to the runoff generation mechanism proposed by Tesař et al. (2001),
the so called retention-evapotranspiration units RETU. Tesař et al. (2001) demonstrated that the soil profile
acts as a reservoir, which is filled up or emptied depending on soil moisture. Water accumulates in the
reservoir until a certain threshold is reached. Then, the reservoir is quickly emptied and the process starts
again. The existence of a threshold of about 40 mm indicates that a similar mechanism may also influence
the response of the Jalovecký creek catchment. However, further research in the catchment will be needed
before a generalised conclusion about the threshold can be drawn.
440
400
360
320
[mm]

280
240
200
160
120

1
2

80
40
0

0

[mm/day]

40

12
3
4

8

60

[mm/day]

20

16

80

4

Fig 4:

28-09

21-09

14-09

7-09

31-08

24-08

17-08

10-08

3-08

27-07

20-07

13-07

6-07

29-06

22-06

15-06

8-06

1-06

0

Daily catchment precipitation (3) and runoff (4) in the summer season of 1998 - lower part of the
figure; cumulative runoff (1) and “effective” rainfall (2) - upper part of the figure; grey rectangles
in the upper part of the figure represent the 40 mm limit of “effective” rainfall; “effective” rainfall
is the difference between precipitation and modelled actual evapotranspiration.

Catchment runoff during flood events was best correlated with precipitation amount (Fig 5). Maximum
runoff volume during the events was best correlated with maximum precipitation, although this relationship
was worse than in the case of total runoff and total rainfall. The correlation of catchment runoff
with parameters related to the saturation state of the catchment before the event (IPZ, IL, soil moisture in the
root zone, soil moisture at 1 m) was generally very poor. Better correlation was obtained with the catchment
retention capacity index (IL30). However, the value of the correlation coefficient R was only 0.31.
The correlation between IL30 and maximum runoff was only slightly better. Previous results of hydrograph
separation and rainfall-runoff modelling (Holko and Lepistő, 1997; Kostka and Holko, 2001) proved that
catchment runoff is dominated by subsurface flow. The fact that we did not find a good correlation between
runoff during flood events and common indices of catchment saturation state before the event can be
interpreted as follows:
1. The major parameter determining the response of a mountain catchment is the amount of precipitation.
Saturation of the catchment before the event is not as important.
2. The characteristics of the catchment saturation state used in this study were not suitable.
3. Catchment response is governed by mechanisms other than simple overland flow or continuous
subsurface flow.
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Role of spatial distribution of rainfall

The 10-minute rainfall data measured in summers 2001 and 2002 indicate that precipitation patterns
at different elevations in the catchment were usually similar. It was interesting to find out that catchment
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response to regional and local precipitation did not differ (Fig 6). Catchment discharge rose 1 - 2 hours after
nearly uniformly distributed rainfall but also after rainfall which occurred only in the most upstream part
of the catchment.
Fig 6 also demonstrates the value of rainfall-runoff data in runoff generation research. It can be interpreted
as an indication of the role of stream alluvium (riparian zone) in runoff formation. Major alluvium in the
catchment occurs in its upper part on relatively small areas. The rest of the catchment has rather steep slopes
and practically no alluvium along the channels. Local rainfall presented in Fig 6 fell in the part
of the catchment where largest alluvium is found. The time shift between the rainfall and the rising limb
of the hydrograph at the catchment outlet roughly corresponds to the travel time of water from the upper part
of the catchment to the catchment outlet. It could be hypothesised that the event caused by local rainfall was
dominated by the contribution of the riparian zone in the upper part of the catchment.

CONCLUSIONS
The study provided information about the frequency and magnitude of rainfall-runoff events in the mountain
catchment of Jalovecký creek during the warm part of the year. The analysis helped to better understand
the value of different data and the rainfall-runoff process in the catchment.
The time resolution of the rainfall and runoff data (daily, hourly, 10-minute) determines the information
which can be extracted from the data. Daily data allow for a comparison of rainfall and runoff characteristics,
because it is relatively easy to calculate catchment precipitation with daily data. The uncertainty
of extrapolation of hourly or 10-minute rainfall data is much higher. On the other hand, hourly or 10-minute
data are more suitable for a precise analysis of frequency, duration and magnitude of runoff events and the
estimation of time shifts between rainfall and runoff events. It should be kept in mind that flood
characteristics such as duration and maximum derived from daily and hourly data differ.
The spatial distribution of rainfall does not seem to have a dominant influence on the response of runoff
to rainfall at the scale of the catchment (22.2 km2). Longer data series of higher time resolution may be
useful in testing the hypothesis of the dominant contributing role of riparian areas during short floods.
The study showed that rainfall amount is the main parameter influencing catchment runoff. The saturation
state of the catchment, characterised by antecedent precipitation indices or soil moisture content, was not
well correlated with characteristics of flood events (total runoff, flood volume and duration). The existence
of a rainfall “threshold” of about 40 mm indicates that concepts such as the retention-evapotranspiration unit
(Tesař et al, 2001) may be useful in further runoff generation studies in the catchment.
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ABSTRACT
Station scale data are compared to determine the local influence of land use and topography on water balance
components. Forest influence on the water balance is the most pronounced through interception that is
considered totally lost. Including additional spring and catchment data in the analysis demonstrates that data
from the forest station are representative for the general hydrological functioning of the headwater catchment
Höhenhansl.

Keywords water balance, forest-open area, hydrological functioning
INTRODUCTION
Data collected at the station scale are related to specific local conditions that severely limit upscaling
procedures. Water balance components in mountainous areas are strongly influenced by land use, climatic,
and topographic conditions that control rainfall distribution in a decisive way. As a result, soil moisture and
water balance patterns are very patchy, leading to large spatial variations in evapotranspiration and stream
discharge. Nevertheless, station scale measurements provide essential data to evaluate the influence of local
factors on water balance components. Moreover, comparison between data measured at different stations and
at different spatial scales delivers a good overview of the main processes active in a given hydrological
system. In this respect, the goal of this paper is to present the water balance components measured and
calculated at the station scale for forest and grassland cover. Data from the Höhenhansl headwater catchment
and from its main spring are further used to evaluate the influence of station characteristics on the measured
data. The period under investigation (10/95–09/99) is characterised by very variable hydrometeorological
conditions that are well documented through the intensive data collection at the Höhenhansl headwater
catchment. After a very humid period in 1996 and winter 1997 follows a dry phase in 1998 and 1999.
Consequently, differences in soil water tension patterns observed at both stations reflect the impact of local
conditions on the water balance components.

DESCRIPTION OF THE TEST SITES AND DATA ACQUISITION
The area under investigation, located in the Pöllau Basin (Eastern Styria, Austria; see Fig 1A),
is a well-defined small south-exposed headwater catchment covered with around 70 % forest and
30 % meadow. The catchment area has been a hydrological pilot area since 1991 (Bergmann et al., 1996;
Zojer et al., 1996) and was a test site within the EU-project AGREAUALP (Bourjot et al., 1999).
The subsurface characteristics consist primarily of crystalline schists with a thick weathered surface layer
and five different soil types with sand, sandy loam or loamy sand horizons. The Höhenhansl sub-catchment
area (0.392 km², mean altitude 963 m) shows an orographically well-definable enclosed catchment open only
to the south, with two main springs and a central drainage to the Hanslbach (see Fig 1B). The total runoff
from the catchment area is measured continuously at the gauging station together with water temperature and
electrical conductivity. The same variables are measured once a day at the main spring (0.09875 km²).
The different types of impacts of land cover on groundwater recharge are being detected at “lysimeter”
stations under forest (coniferous trees) and meadow since August 1995. The name of the station corresponds
to the local land cover, i.e. station forest and station meadow. The local slope is around 30° and 12° at the
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station forest and meadow respectively. Each station consists of (1) a profile with TDR-probes for measuring
the time dependent water content of the soil at different depths, (2) a profile with tensiometers to get
information about the water tension of the soil at the same depths as water content, and (3) a profile
for measuring soil temperature. Other variables measured at the stations are rainfall (throughfall for forest),
air temperature, air relative humidity (15 minute recordings for all three variables) and overland flow in 1 m²
micro catchments. It should be noted that at a 1.30 m depth at the forest station and at a 1.5 m depth at the
meadow station suction plates are installed. A sub pressure of 200–250 cm is set up once a week and the
collected amount of water is measured every day. As the water is removed from the soil to the collector
(bottle), the sub pressure slowly decreases so that the collected water cannot be related to a pressure value
or a soil pore diameter. Furthermore, because of the local slope, the water volume collected at the suction
plates should correspond to vertical and lateral water flow processes. Therefore, water collected from the
suction plates cannot be considered as the “real” groundwater recharge.

A

B
Fig 1:

(A) The Pöllau nested research catchments and its hydro-climatic network.
(B) Topo-geological map and measurement network of the headwater catchment Höhenhansl.
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THE CATCHMENT WATER BALANCE
The different precipitation amounts measured every year since the gauge was installed are presented in Fig 2.
The annual precipitation amount always exceeds 790 mm. The year 1996 was the most humid year since
measurements began, and it is also characterised by extreme snow cover. Due to the conjunction
of snowmelt and heavy rainfall, April 1996, with a total precipitation of 217 mm, is the most humid month
over the whole study period. The mean annual precipitation amount over the nine years is about 930 mm.
The average monthly variation of precipitation within the year is presented in Fig 3. A kind of symmetry
around the period May to September can be recognised. During these five months, 70 % of the annual
precipitation occurs, illustrating on the one hand that convective rainfall is predominant during this time
(Bergmann et al., 2000), and on the other hand that less water is available for deep percolation during periods
of low evapotranspiration.
Precipitation repartition at the Höhenhansl catchment
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Average monthly precipitation amounts recorded at the Höhenhansl catchment (1991–1999).

The part of precipitation that is discharged is also presented in Fig 2. The mean discharge value over the nine
years represents 400 mm or 43 %, which leaves 57 %. The runoff fraction exceeds this average value only
for 1991 (52 %), 1994 (49 %) and 1996 (62 %). In contrast to 1996, the years 1997, 1998 and 1999 have
a runoff percentage between 35 and 38 %. The year with the lowest precipitation amount (1993) has
the smallest runoff fraction of 34 %. The highest mean daily discharge value was calculated to be 60.3 l/s
on 25 October 1993 (maximum 63.8 l/s: average calculated over 5 minutes). The next highest value was due
to snowmelt in 1996 and was calculated to be 44.8 l/s on 10 April (maximum 48.4 l/s: average calculated
over 5 minutes). During this year values over 44 l/s are also found in September and October. In addition,
the total discharge of 1996 is the highest, reaching almost 700 mm. The lowest mean daily discharge value
calculated since 1991 was 0.92 l/s on 5 March 1998. The winter period in 1998 was in this respect
particularly dry: the 22 lowest mean daily discharge values since 1991 (0.92 l/s to 1.03 l/s) are calculated
in the period between 11 February and 12 March. This is due on the one hand to the rainless period
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in January and February (1 mm in February), and on the other hand to the high temperatures during this
winter. January and February 1998 recorded the highest average temperatures measured at the station
meadow since 1995. In this regard, February 1998 was abnormally warm with a mean temperature of 4.7° C.
Only during five days did the daily mean temperature drop below 0° C.
Thus, it can be recognised that the water cycle at the headwater catchment Höhenhansl is dominated
by water losses. Even if the average amount of rainfall is rather large (930 mm for the period 1991–1999),
only 43 % (400 mm) is released as runoff. This is due (a) to the large forest cover (2/3 of the catchment)
that favours interception losses, and (b) to the rainfall repartition centred on the warmest months in the year.
The evapotranspiration processes are also reinforced by the catchment southern exposition. However,
the ratio discharge/rainfall is quite variable in relation to the winter precipitation and especially to snowfall.
In 1996 the ratio is over 60 % and it is lower than 40 % from 1997 to 1999, illustrating that hydro-climatic
conditions are very variable for the period under investigation.

WATER BALANCE COMPONENTS AT THE STATION SCALE
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Precipitation variability throughout the four hydrological years under investigation (10/95–09/99) and
between both stations is rather important. In Fig 4, the cumulated precipitation amount measured at the
stations is presented. Clearly, interception processes dramatically influence the rainfall amount measured
at the forest station, which is around 75 % of the rainfall at the meadow station: 2980 mm and 3950 mm
respectively (it is assumed that stemflow for spruce can be neglected). More then 1030 mm precipitation is
recorded at the meadow station for years 95/96 and 96/97, while less than 950 mm is recorded during the last
two years. Under forest conditions the precipitation amount per year never exceeds 850 mm. It is remarkable
that the interception fraction increases to 30 % in 95/96 (the most humid year) and in 97/98 (the driest year).
Forest interception recorded each month is also illustrated in Fig 4. Evidently, this process is the most
pronounced during the rainiest period, i.e., the summer months.

Cumulated precipitation recorded at the forest and meadow stations together with the monthly
interception estimated as the difference between both stations (stemflow is neglected).

Surface runoff is measured on 1 m² plots at the Höhenhansl catchment. Surface runoff measured
at the meadow station is the highest only in January and April 1996. For the latter, a measurement error
due to snowmelt cannot be excluded. At the forest station, surface runoff processes increase considerably
during the summer 1997 and 1998 (see Fig 5). The conjunction of high rainfall intensity with extended
dryness in the first centimetres of the soil can explain this phenomenon. The forest humus has a high
permeability, which varies significantly with the initial moisture content. After long periods of drought,
the raw humus of conifer stands is very hydrophobic and constitutes an impermeable layer for the first
precipitation events. However, no trace of intense concentrated erosion is visible at the Höhenhansl soil
surface.
The effects of high interception losses in the forest and increased overland flow considerably reduce
the amount of water that can infiltrate in the forest area. In this study it is assumed that the difference
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between the rainfall recorded at both stations is lost (interception loss). At this stage, infiltration under forest
represents only 65 % of the meadow infiltration over the four years. To estimate local evapotranspiration
processes on a daily time step, a simple daily water balance method is used, where (1) potential
evapotranspiration (Etp) is calculated using the Haude method (1955), (2) average root depth is defined
using field observations for grass and literature data for trees, and (3) the maximum available water-holding
capacity of the soil zone reservoir is calculated as the difference between field capacity and wilting point
integrated over the root depth. For a complete description see Ruch C. A. (2002). Under trees, the soil-water
budget method allows more water to be available for “soil” evapotranspiration calculations. However, results
show that evapotranspiration processes are more pronounced for grass. The reasons are twofold:
Etp calculated with the Haude method is lower for conifer trees than for grass, and less water is available
for “soil” evapotranspiration at the forest station because a reduced amount of water infiltrates to fill up
the soil-moisture reservoir. The highest difference in evapotranspiration between both stations is calculated
for the year 97/98 where “soil” evapotranspiration at the forest station represents only 54 % of the amount
calculated at the meadow station. In 98/99 this percentage is about 75 % and over the entire period, “soil”
evapotranspiration under forest represents 65 % of that calculated at the meadow station. All in all,
after “soil” evapotranspiration amounts are subtracted from the infiltration amounts, deep percolation
represents about 1500 mm and 1000 mm for the whole period at the meadow and forest stations respectively.

Cumulative surface runoff and monthly totals recorded at the forest and meadow stations.
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(A) Cumulated percolation water collected at the forest and meadow stations and cumulated spring
discharge; (B) Water tension measured at the deepest probe at the forest and meadow stations.
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These results can be connected to the pressure head values measured at similar depths at both stations
(see Fig 6B). In this figure it is very clear that pressure head values are similar until the winter of 1997.
Due to the snowmelt in April 1996 the whole underground can be considered saturated. As already
mentioned above, hydrometeorological conditions, high temperatures, and low precipitation in January and
February 1998 favour water release processes so that the saturation deficit increases. This phenomenon could
be well observed at the forest station: as is shown for example in Fig 6B for summer 1998 and 1999.
It is also striking to observe that the cumulated percolation amount collected at this station over the period
of four years (about 1400 mm, see Fig 6A) is similar to the cumulated discharge from the spring. It can be
recognised that a difference of approximately 400 mm is built up only during the humid phase
between October 1996 and June 1997 and remains constant until September 1999. It is assumed that water is
removed laterally during the humid period so that also upslope water is collected at the suction plate.
This is a good indication that the deep infiltration amount at this station is in good accordance with the
spatial deep percolation under forest cover, so that the water balance components measured and calculated
at this station can be assumed to be representative for the total forested area from the Höhenhansl watershed.
At the meadow station the pressure heads measured at the deepest probe were never lower than -120 cm
between 1995 and 1999. The water collected at the suction plate was even higher than the rainfall amount
(see Figs 6A and 4). This water tension constancy near saturation is an indication of local conditions that
are not in good accordance with the general conditions in this catchment: grassland (only about 30 % of the
land cover) and, in particular, a low slope inclination. On the one hand grass water uptake is not as deep as
for trees, on the other hand this station is located in a “flat” area compared to the whole catchment.
Accordingly, it is assumed that the upslope amount of water inflow is larger than the amount removed
downslope. If this hypothesis is correct, the pressure head patterns measured at this station are not
representative for the general situation but for small areas like that on the left side of the riverbed.

CONCLUSION
Comparison of the water balance components for forest and meadow evidently demonstrate that the canopy
interception (estimated to be totally lost in this work) is the key process in explaining the differences in deep
percolation amounts. Although about 25 % of the precipitation is intercepted, overland flow is more
pronounced under forest cover. This is due to the local larger slope and to the increasing hydrophobic
characteristics of the raw humus layer related to growing dry conditions of 97/98. A huge difference is found
for deep percolation volumes: for forest they represent only 2/3 of the meadow volumes (over the four years
1000 mm and 1500 mm respectively). Analyses of spring discharge demonstrate that data from the forest
station can be assumed to be representative for the headwater catchment Höhenhansl, whereas the constant
humid conditions under grassland are influenced by local factors that are not in good accordance with the
general situation for this catchment.
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ABSTRACT
Water circulation is central to the study of wetland hydrology, as the relative significance of the various inputs,
outputs and storages underlies the hydrological functions, water quality functions and the management
of wetlands for conservation. The key to understanding the functioning of wetlands lies in the water budget,
which expresses the movement of water into, out of, and through the wetland, and the storage of water within it.
The wetland water balance attempts to take account of all inputs, outputs and storages in the hydrological
system, i.e. the terrestrial phase of the water cycle. Unlike a drainage basin, however, the wetland is not
delineated by convenient no-flow boundaries, and its water budget must include terms to represent groundwater
and surface water inflows as well as outflows. Wielkie Torfowisko Batorowskie is a highmoor peatland situated
in the southwestern part of Poland in the Stolowe Mountains, which are mainly built of limestones
and sandstones. Basic data to calculate water balance components come from field measurements based
on the hydrometeorological monitoring network established in the peatland catchment. The area of Wielkie
Torfowisko Batorowskie is under artificial influence that determines the water circulation in this area.
The artificial drainage system consists of many ditches crossing the bog and its catchment, and it seems
to disturb the natural water circulation, resulting in quite high surface inflow and outflow from the bog, which
is more common for fens than for raised bogs. Natural conditions of the water cycle in Wielkie Torfowisko
Batorowskie may be achieved after complete land reclamation.

Keywords peat, peatland, water balance
INTRODUCTION
Wetlands and peatbogs connect many elements of the hydrological cycle, especially surface and ground
water flow and precipitation. Relationships between water circulation elements mostly depend
on physiographic and climatic characteristics of the region. In most cases wetlands increase the storage
ability of a catchment.
Solving the water balance, which is one of the most important investigations in a peatbog study, may involve
calculations of particular elements of water circulation. When calculating the water balance, all parts
of the land water cycle phase must be taken into account including ground and surface encharge
and discharge (Dooge, 1975; Gilman, 1994). The estimation of water circulation characteristics is a key
to correctly describe qualitative and quantitative processes which occur in a peatland. Many factors,
from geology to climate, have their influence on the formation and development of peatlands (Winter, 1988).
The relief and lithology force the setting for peatland formation. Then climatic and hydrological conditions
influence its development. Characteristics of water encharge and the amount of incoming water cause
the peatland to develop into a particular type. The vegetation development is mostly a result of hydrological
characteristics of a peatland. Taking water input into account, wetlands may be divided into four groups
(Okruszko, 1983):
• ombrogenous (their catchments are rather small and the water input comes from precipitation and
sometimes from subsurface flow (e.g. a raised bog);
• topogenous (their catchments cover a large area and are mostly supplied with water from groundwater
aquifers);
• soligenous (they are supplied with water coming from springs);
• fluviogenous (the main sources of water input are river floods).
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THE SITE OF INVESTIGATION
Wielkie Torfowisko Batorowskie is a peatbog situated in the Stolowe (Table) Mountains (the south-east part
of Poland, Fig 1). The mountains are built of horizontally layered sandstones with characteristic floors
(Niemczyk, 1999) that form rocky "tables" - hence the name of the mountains. In Poland, these mountains
are the only example of mountains made up of sandstone and marl layers of a very differentiated resistance
to erosion by wind and water. The peatbog is situated at the border of sandstones and marls at an altitude
of about 700 m a.s.l. During field work marl rocks were found underneath the peat cover.

Fig 1:

Location of the Stolowe Mountains, Poland.

The type of vegetation shows that Wielkie Torfowisko Batorowskie is a highmoor bog (at least its central
part) with characteristic plant species including Sphagnum (Potocka, 1999). The beginning of peat formation
is dated at about 10 ka BP (Marek, 1998). The peat accumulation probably took place
in the sedimentological basin where rushes communities were developed. The deposits contain no remnants
of gyttja and such common plants as white waterlily (Nymphaea alba) and yellow waterlily (Nuphar luteum).
The main phenomenon was the boggy process, not shallowing of the water reservoir. Eutrophic communities
gradually passed into mesotrophic and oligotrophic communities (Marek, 1998) as evidenced in the peat
profile which has a thickness in the central part of about 5 m:
0.0 – 3.2 m – highmoor peat (mostly consisting of Sphagnum medium),
3.2 – 3.5 m – topogenous peat,
3.5 – 5.0 m – fen peat.
N

piezometers
waterlevel and discharge
measurement sites
streams

0

Wielkie Torfowisko Batorowskie

Fig 2:

Hydrological monitoring network on Wielkie Torfowisko Batorowskie.
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The current functionality of the peatland is dependent on an artificial drainage system (Fig 2) with a total
length of about 5000 m. Human activity is also seen in the vegetation cover (Potocka, 1999). A hundred
years ago the area of Stolowe Mountains was intensively afforested (Stark, 1936) mostly by Norway spruce
(Picea abies). This tree species is now dominant in the peatbog flora (Potocka, 1999). The plant coverage
in the area of the peatland varies from 0.5 to 0.9 which influences the interception process.
Wielkie Torfowisko Batorowskie is situated on a slight slope which is inclined to the North. Its highest point
lies at 715 m a.s.l and the lowest point at 707 m a.s.l. (Fig 3), somewhat similar to blanket bogs for instance
in Ireland. The peatbog is not encharged by any groundwater aquifer described in the Stolowe Mountains
area (Pacia, 1999). The first groundwater aquifer was located at 690 m a.s.l., which is a few meters below
the peatbog bottom.
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Fig 3:

Geomorphological and geological schematic of Wielkie Torfowisko Batorowskie.

WATER BALANCE MEASUREMENTS OF WIELKIE TORFOWISKO BATOROWSKIE
The investigation of the hydrological cycle was conducted for the period from 1 November 1998
to 31 October 1999 using daily observations. This period was chosen because the end of October is in most
catchments the time of the biggest groundwater deficit and all water balance calculations and observations
in Poland are mostly made from November to October. The measured parameters were: precipitation,
discharge, encharge, groundwater level, and meteorological parameters needed to calculate
evapotranspiration. The calculation of the water balance was based on these observations using the following
formula modified from Bavina (1975), Dooge (1975) and Lensen (1991):
P + Qin + Gin = I + E + Qout Gout + ∆s,
where: P – precipitation, Qin – surface inflow to the bog, Gin – groundwater inflow to the bog,
I – interception, E – evapotranspiration, Qout – surface outflow from the bog, Gout – groundwater outflow
from the bog and ∆s – changes of water storage in the bog.
Precipitation and other meteorological parameters were measured at a meteorological station situated 3000 m
to the North-West of the peatland at the same altitude and in similar relief conditions. The current meter
discharge measurements, along with daily surface water level observations, allowed the establishment
of a rating curve, which was the basis for inflow and outflow calculations. Detailed investigations
of vegetation cover (Potocka, 1999) allowed for the calculation of interception and evapotranspiration.
Additionally all the meteorological parameters needed for these calculations were measured
at the meteorological station. Interception of precipitation was established using the general formula
for canopy interception (Von Hoyningen-Hüne, 1983; Braden, 1985):
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where: Pi – intercepted precipitation, a – empirical coefficient, b – soil cover fraction, Pgross – gross
precipitation and LAI – leaf area index. Evapotranspiration calculations were based on the Penman-Monteith
formula with respect to the soil and vegetation cover characteristics and measured meteorological
parameters. Groundwater level measurements allowed for the calculation of changes in the water storage.
During the whole hydrological year the groundwater table was no deeper than 30 cm below the surface
Groundwater (subsurface) inflow and outflow was assumed as the difference in the equation.

RESULTS
The hydrological year 1999 (1.11.1998-31.11.1999) in the region of the Stolowe Mountains may be
described in terms of precipitation as an average year in the decade of 1990-1999. Measured precipitation
during the investigated period (757 mm) is almost the same as the average annual precipitation
for 1990-1999 (745 mm). Precipitation was measured using Hellmann’s raingauge, and correction
of the precipitation was performed. This caused an increase in precipitation by 12 % (Table 1).
Every parameter (except groundwater inflow) of the water balance was calculated separately. The difference
in the equation is very small (about 1 %) and proves that the groundwater inflow to the peatland has a small
influence on the water circulation.
Table 1: Water balance parameters of Wielkie Torfowisko Batorowskie.
Parameter of the water balance
[mm]
[1000 m3]

Qin
378.1
110.4

P
857.5
254.3

∆s
-6.7
2.0

I
85.1
25.5

E
433.0
129.9

Qout
735.3
220.6

Gin
11.1
9.3

The main parameter in the water balance inputs (Fig 4a) is precipitation (69 %). The large contribution
of surface inflow (30 %) is caused by artificial influence where hand-made ditches accumulate water
in the channels and transport it to the bog from the upper parts of the catchment, thereby decreasing
the subsurface flow to the bog. The water storage changes should be included into the water balance,
however the changes are so small that they seem not to be important in the water cycle.
a)

b)
I
6.8%

P
69.3%

Fig 4:

Q in
30.1%

Q out
58.7%

E
34.5%

Main parameters of the Wielkie Torfowisko Batorowskie water balance; a – input, b – output.
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The output part of the water balance (Fig 4b) is characterised by a large contribution of the surface outflow
(59 %). This is a result of the artificial drainage system in the peatbog (Fig 2). The second important
contributor is evapotranspiration (34 %). Interestingly, the evapotranspiration contribution is much smaller
than the amount estimated on the Irish raised bogs which can be up to 80 % of the water balance output
(Lensen, 1991). The interception of precipitation by plant cover (7 % of the output) amounts to about 10 %
of the total annual precipitation, which is much smaller than the maximum interception capacity of Sudety
spruce forests (Wozniak, 1977). This is the result of the bad condition of the spruce forest on the peatland
(Potocka, 1999).

CONCLUSIONS
Wielkie Torfowisko Batorowskie is not a typical highmoor bog. Despite having dominating plant species
characteristic for raised bogs, this bog does not lay on the catchment border. The vegetation community
is the result of water supply by very poor water coming from precipitation and shallow groundwater flow
accumulating in the ditches. This water is characterised by low values of pH and mineralisation.
The hydrogeological situation causes an isolated groundwater level to occur in the peatland, without any
hydraulic connections with deeper aquifers of the Stolowe Mountains. Apart from precipitation, surface
inflow plays an important role in the bog water supply, which is a result of a very dense artificial drainage
system. This is why the outflow from the bog is the most important parameter of the water balance output.
Relatively small evapotranspiration may be connected with the influence of altitude. In the Stolowe
Mountains, with increasing altitude the moisture deficit decreases and relative humidity increases (Kicinska
et al., 1999) reducing the ability of the atmosphere to receive water from the soil and plant cover. The results
of the water balance differ from those obtained on the raised bogs of the Atlantic type in Ireland (Table 2).
Nevertheless, the results are similar to the results of investigations on forested peatlands in the highlands
of European parts of Russia (Bavina, 1975). These results indicate a similar scheme of hydrological
processes as seen on Wielkie Torfowisko Batorowskie. The significant difference is only in the outflow,
which may be explained by the artificial drainage system on Wielkie Torfowisko Batorowskie.
Table 2: Comparison of water balance components in different peatlands.
Parameters of the water
balance
[mm]
Precipitation
Evapotranspiration
Storage changes
Surface outflow

Forested moss peatland
(Russia)
Annual average from
1955-1966
828
456
-4
376

Wielkie Torfowisko
Batorowskie
Hydrological year 1999
857.5
433
-6.7
735.3

Raised bog
(Ireland)
Hydrological year
1990
850
550
0
270

One of the first Polish scientists who began hydrological investigations on wetlands was Ostromecki,
who studied peatlands on Polesie (1938). The water balance was calculated for the Czemerne wetland
in the years 1933-1937, resulting in the following average annual values: precipitation 551.2 mm, surface
outflow 133.0 mm, evapotranspiration 421.9 mm, and storage changes –2.9 mm. The main phase
of the water cycle is the vertical part of the water balance and the value of evapotranspiration may be
compared to that of Wielkie Torfowisko Batorowskie. After World War II, the Institute of Meteorology and
Water Management established a wetland station in Grodek (the North-East part of Poland) where
investigations were conducted on the upper boggy Suprasl catchment (Bortkiewicz, 1959).
The measurements were made in the period 1958-1963. The results of hydrological observations described
by Mikulski and Lesniak (1975) indicate the big influence of the artificial drainage system, which caused
the lowering of the groundwater level in the peatland. The same situation occurs in Wielkie Torfowisko
Batorowskie, where a dense ditch network influences the functionality of the peatland resulting in decreasing
active peat formation area. The role of Wielkie Torfowisko Batorowskie should rather be considered
on a local scale, mostly because of its small dimensions. Nevertheless it is a very important element
in the mentioned local scale. The conditions for peat accumulation and wetland formation in the Stolowe
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Mountains are rather poor (Woronko, 1988). An object of surface water storage may equalise
the hydrological processes, but only after land reclamation focussed on the problem of the ditch network.
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ABSTRACT
For the first time in the Basque Country a hydrological study based on river water chemistry has been initiated.
The catchment selected for that purpose is the Altube River catchment (116 km2), due to the spatial variability
of various factors (lithology, slopes, vegetation, soils, etc.). That variability causes waters coming from each part
of the catchment to be chemically very different, so it is possible to identify where waters are coming from
in time by using mass balance. During low flow periods, 24% of the catchment accounts for 60% of the total
discharge, whereas during high flow periods, 41% of the basin accounts for 65% of the total discharge. Temporal
variability of water chemistry and differences between subareas have also been analysed. Preliminary results are
presented here.

Keywords river water chemistry, flow contribution, Altube river catchment, Basque Country
INTRODUCTION
Many connections exist among the physical, chemical and biological processes that shape the chemical
composition of water flowing from forested catchments (Christophersen and Neal, 1990; Church, 1997).
Studying the chemical composition of running water helps to unravel the pathways that water follows
through the catchment, in order to understand how a catchment functions and to predict its hydrochemical
response to large-scale stresses. From this point of view the analysis of some specific events, such as
the transition from low to high water periods, is particularly useful in studying the hydrological behaviour
of catchments. To study the evolution of water chemistry, a field investigation recently started (April 2000)
in the Altube headwater catchment. It is the first study of catchment hydrology based on physical controls
of stream water chemistry in the Basque Country. The goal is to explain stream water chemistry evolution
according to its spatial origin. The preliminary results of systematic monitoring carried out in different
subareas of the catchment are presented here.

THE ALTUBE CATCHMENT
The research area is a 116 km2 forested catchment (Fig 1) situated between the territories of Bizkaia and
Araba, in the western part of the Basque Country. Elevation ranges from 200 to 1200 m a.s.l.,
with a mountainous topography in the Northeast and a smoother one in the Southwest. The average annual
precipitation values range from 900 mm in the South to 1400 mm in the North. Precipitation can even reach
1700 mm in the Northeast region. Streamflow is continuous throughout the year. This area has not been
substantially impacted by anthropogenic activities, although pine tree forests have been planted, mostly
in the North of the catchment. Nevertheless, at the borders of the basin and in the South early vegetation,
such as oaks, beech trees, heath and fern can be found.
The bedrock material consists mostly of Supraurgonian (Cenomanian) terrigenous and Upper Cretaceous
carbonate rocks disposed in a monoclinal structure that dips to the Southwest. In the Northeast area
Supraurgonian sandstones, microconglomerates and lutites appear. Towards the Southwest Upper Cretaceous
carbonate platform materials are found, with alternations of limestones, marls, marly-limestones and shales;
above these, limestones are predominant only in the Southwest corner of the catchment. The contact between
terrigenous materials and carbonated rocks is of transitional character. In the Southeast, breaking
the monoclinal structure, appears the Murgia diapir built of Triassic clays and gypsum. To the Northeast
some Quaternary coluvial deposits are found. None of these series form aquifers of regional interest.
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Discharge data from the catchment are only known for one site (point 17 in Fig 1), where water level data are
registered every ten minutes (web.bizkaia.net/Ingurugiro/ Hidrologia/ingles/index.htm). It is very difficult
to measure discharge directly in any other place of the basin owing to the irregular sections of the channels,
the large width of the streams and the turbulent regimes present during high water periods all over
the catchment. Point 17 has been chosen as the outlet of the catchment. The annual discharge at this point
ranges from 43 to 120 (106) m3 (1996-2001), which means that the specific discharge ranges between
11.7 and 32.8 l/(s·km2). Subcatchments considered in this paper are shown in Fig 1.

Fig 1:

Altube River catchment (Basque Country) and measurement network points.

THE FIELD WORK
A systematic monitoring of the catchment water chemistry at several sites in the drainage network and
in different hydrological situationshas been carried out. In all the cases electrical conductivity and
temperature were measured in the field, and in some cases (Figs 6 and 7) the major anionic and cationic
components were determined in the laboratory. During the transition from the low to the high water period
(Fig 2, A-A´) corresponding to the end of the hydrological year 2000-2001 and the beginning of the year
2001-2002, portable water samplers were installed at three sections along the Altube River (points 9, 12 and
17; Fig 1), with a 4-8 hour sampling interval.
Fig 3 shows the electrical conductivity and sulfate concentration evolution during the A-A´ period at points
9, 12 and 17 and the hydrograph at the gauging station (point 17). Sulfate is one of the most important
components in the Altube River waters (Table 1) and it is very strongly related to the electrical conductivity
owing to the presence of the Murgia diapir in the Southeast of the catchment (Fig 1).
Manual samples were taken simultaneously at all subcatchment outlets (Figs 1 and 2) several times
from April 2001 onwards, with discharge at the gauging station (Qgs) at the time of sampling ranging
from 25 l/s to 18000 l/s. Water chemistry at any point of the Altube River is then analysed as a chemical
mixture of the water upstream and the water of the tributaries flowing into the river just above the sampling
point. Electrical conductivity and sulfate have been used as key tracers for the balance. Such an approach
allows us to quantify, in percent terms, waters coming to the gauging station (point 17) from each
subcatchment in different hydrological situations (Fig 4). As other authors have already observed
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(Caissie et. al, 1996), fairly accurate hydrograph separation can be achieved by measuring conductivity
alone. So if the results from the two key tracers are similar, we consider here the conductivity-based balance.

Fig 2:

Average daily discharge of the Altube River at point 17 (2000/IV/1-2002/V/31). The hydrograph
has been broadly decomposed using water chemistry data from the different subcatchments
(1, 2, 15 and others). Diamonds refer to manual sampling times. Continuous sampling was carried
out in the A-A´ period.

Fig 3:

Electrical conductivity (µScm-1/100) and sulfate (meq/l) evolution in points 9, 12 and 17, and
hydrograph at point 17 over the period A-A´ (Fig 2).

DATA DISCUSSION
Fig 4 shows the contribution to discharge of each subcatchment as a function of the total discharge
at the catchment outlet (gauging station) based on the conductivity balance approach. This distribution
is shown for every sampling moment (except for the moment when Qgs = 18000 l/s where it remains
in general similar to the high flow period). Extraneous discharge contributions were observed for samples
taken at the rising limb of the hydrograph (i.e. number 6 and 8). This phenomenon was also observed
by Caissie et al. (1996) and Walling et al. (1975), who explained it, for the catchments they studied, as the
result of a flushing out of older groundwater into the stream. The figure reflects that during low waters
(Qgs less than 400 l/s), subcatchments 1 and 15 (28 km2) account for about 60% of the total discharge.
During high waters (Qgs >700 l/s), these subcatchments account for only 30% of the total discharge,
while subcatchment 2 is the one with the highest contribution of about 35%. Therefore, during high waters,
a 65% contribution is coming from a 48 km2 surface out of a total catchment area of 116 km2.
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Fig 4:

Percentage discharge contribution of each subcatchment (numbers in the legend) to the total
discharge at the gauging station. Numbers at the bottom axis refer to the sampling time shown
in Fig 2.

Water chemical composition is highly variable within the catchment, in time (Fig 3) and in space. Fig 5
shows a good example of spatial variability of electrical conductivity. Waters in subcatchment 1 show
the highest mineralisation (600-1800 µS.cm-1) with calcium sulfate facies due to the presence of diapir.
Waters in subcatchments 15 and 10 (mainly sandstones) show the lowest mineralisation (60-140 µS.cm-1)
with calcium bicarbonate facies. The figure also shows the mineralisation variability (shaded zones)
at the sampling points as a function of discharge derived from the chemical balance. Zones can be fitted
to ellipses in which the slope of the line corresponding to the main axis is a function of the dilution degree
in the waters. Lines are defined by the equation y = -a.ln(x) + b. Slope values (a) are shown in the figure.
Except for subcatchment 1, with an important dilution during high water periods, all the others show low
dilution. So, in a subcatchment with very high discharge variability (e.g. no. 2), water mineralisation remains
within a narrow range, whereas in another catchment with smaller discharge variability (no. 1),
mineralisation varies considerably. The subcatchment 15, however, shows low variability in both discharge
and mineralisation. Comparing these results with the geological map (Fig 1), the subcatchments with more
influence of soilwater-groundwater in the discharge response (smaller value of a; less dilution by piston
flow) are related to the sandstones (6, 10, 15) and limestones (2). A smaller influence is seen
in subcatchments in lutites (8, 13).

Fig 5:

Chemical variability of waters in each subcatchment (1, 2, 4, 6, 8, 10, 13 and 15) according to their
discharge variability. The parameter a refers to the slope of the straight lines in the ellipses.
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A principal component analysis was conducted on chemical data of the whole catchment (Fig 6). For a better
comprehension of chemical variability, Table 1 shows the average values of major elements at the different
sampling points. The factorial plane reflects the most information in the analysis, with factor I (61 % of the
variance) characterised by SO4=, Cl-, Ca2+, Mg2+, and Na+, showing the high mineralisation of waters
from subcatchment 1, and factor II (15 %) characterised by HCO3-. The subcatchments with higher values
in factor II are the ones in the Western part of the Altube River (2, 8, 13), while those of the Eastern part
(4, 6, 10, 15) show lower values. This differentiation can be related to lithology, as the bedrock material
in the West is carbonated and in the East it is well-washed sandy rock.
Referring to samples taken from the channel of the Altube River, the relation of water in the main channel
to the water flowing from each subcatchment can be analysed. Two groups of samples can be distinguished:
one group with high values of factor I, related to situations when subcatchment 1 has a larger influence
(low waters); the other group with lower values of factor I and higher values of factor II, related
to the increasing water contribution of subcatchment 2 during high water periods (Fig 4). Samples taken
at the gauging station (point 17) are situated in the bottom-middle part of Fig 6, between subcatchment 1 and
waters coming from subcatchments of the Eastern part of the Altube River. This demonstrates once again
the importance of the hydrochemical contribution of that part of the catchment.

Fig 6:

Factorial plane showing the hydrochemical pattern of the Altube River catchment and
subcatchments.

So as to have a clearer view of the evolution of water chemistry in the Altube River, another component
analysis was made (Fig 7) using data only from control points along the river (Fig 1). The significance
of the factors I (56 %) and II (18 %) is identical to that in Fig 6. Waters from subcatchment 1 show the most
variable mineralisation, while at point 17 the chemical variability is much lower due to the influence
of the tributaries (4, 10, 15) which have lower and less variable mineralisation (Fig 5).
The chemical behaviour of waters does not depend only on the discharge value, but also on the time when
samples were taken. Thus, samples taken when the discharge at the gauging station was 80 l/s and 87 l/s
show different evolutions, because the first samples were taken on the rising limb of the hydrograph, while
the second samples were taken at the peak. The influence of the hydrological context can also be observed
by comparing evolutions at discharge values of 445 l/s and 571 l/s; for the first value, the hydrograph was
at its maximum point and for the second the water discharge was decreasing but within a period of very high
waters. Thus, different chemical evolutions of water flowing along the river at different moments
of the hydrograph have been distinguished. The evolutions at the top of the figure (Qgs = 571 and 640 l/s),
almost parallel to the factor II axis, occurred during high water when subcatchment 2 had the largest
contribution. The chemical evolutions in the middle part of the figure (Qgs = 170, 445, 87, 205 and 1174 l/s),
almost 45º from both axes, occurred at a maximum point of discharge. The evolution with Qgs = 80 l/s
occurred shortly after the maximum, and the evolution with a discharge value of 25 l/s was during a very
calm moment of the hydrograph after a long period without precipitation.
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Fig 7:

Chemical evolution along sampling points in the Altube River (Fig 1) for different discharge
values (referred by lines) and different hydrological situations (described by schematic
hydrographs). Factorial plane. Discharges refer to data at the gauging station at the time
of sampling. Symbols refer to different sampling points along the Altube River.

Table 1: Average concentration and standard deviation of sulfate (mg/l) (83 values) and electrical
conductivity (µScm-1) (170 values) in the subcatchment control points.
Subcatchment
SO42- Average
St. deviation
Cond. Average
St. deviation

1
702
167
1416
314

2

4

63
22
464
68

51
21
162
49

6
24
12
465
112

8
51
23
278
107

10
18
4
93
38

13
55
8
463
75

15
16
8
134
55

17(the outlet)
293
124
608
201

Finally, we tried to broadly separate the annual hydrograph at the gauging station (point 17) according
to the sources of waters within the catchment (Fig 2), using the discharge percent contribution shown
in Fig 4. Four subareas are considered as sources: the most important subcatchments (1, 2 and 15) and the
remaining catchments together. The influence of the three important subcatchments is clearly observed.

CONCLUSIONS
The chemical composition of running water has been used to study the different streamflow sources
in the Altube catchment. The most influential subcatchments for different hydrological situations were
detected. During low waters, 24% of the catchment accounts for 60% of the total discharge, whereas
during high water periods, 41% of the basin accounts for the 65% of the total discharge. Discharge at each
point deduced from the chemical mass balance allows us to establish a general relation between discharge
and electrical conductivity. Conductivity is therefore used as an easy field tool to estimate water discharge.
A principal component analysis shows that lithological signals in waters can help us to differentiate waters
coming from subcatchment 1 (diapir), from the West (limestones) and from the East (sandstones)
of the Altube catchment. Moreover, the dilution degree (variability of the mineralisation of water
with discharge) observed in each subcatchment stream is related to the influence of soilwater-groundwater
on discharge response and therefore to its regulation capacity. The principal component analysis also allows
us to differentiate the hydrochemical evolution along the Altube river depending on the hydrological
situation (Fig 7). It is possible to use these preliminary results as a validation tool for rainfall-runoff models.
The next step is to apply water chemistry studies within each subcatchment in order to understand
the chemical signature of landuse influence and water pathways.
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ABSTRACT
This study shows that natural and artificial fluctuations of the groundwater table influence water quality. This is
exemplified by the appearance of pulses of sulphate, cations and chloride in the groundwater and runoff water
in periods of low groundwater levels. These effects occur, or are amplified, by the groundwater drawdown
associated with groundwater withdrawal. Two catchments are studied. Here, the elements’ mass flux is
controlled by water flux. If element concentration increases with decreasing runoff, this results in a decrease of
the elements’ mass flux.

Keywords hydrochemistry, groundwater quality, groundwater recharge, groundwater abstraction,
groundwater table fluctuation, hydrogeochemical conceptual model

INTRODUCTION
The alteration of water quality in a catchment is driven by changes in the hydrogeological conditions.
De Caritat and Saether (1997) and Stuyfzand (1999), among others, have presented overviews
of hydrogeochemical processes along the flow path in catchments. In general, there are large hydrochemistry
fluctuations (in both time and space) in the upper part of an aquifer, while the lower part of it has more
or less constant hydrochemistry. Natural hydrogeological conditions are often disturbed in a catchment
by artificial activities (such as digging, tunnel constructions, domestic wells, etc.) and groundwater
abstractions. The impact of these activities on water quality is difficult to estimate. First, the natural
fluctuation of the water quality in the catchment has to be considered. Second, the magnitude to which
the groundwater abstraction affects the groundwater chemistry in the sediments has to be estimated,
depending on the geological and hydrological circumstances.
The aim of this paper is to present the hydrochemical response in groundwater and runoff water to the
lowering of the groundwater table in areas with thin sediments and underlying crystalline bedrock.
During the period of study, the lowering of the groundwater table has been both natural (according to
seasonal fluctuations) and artificial (by groundwater withdrawal from the bedrock).

SITE DESCRIPTION AND METHODOLOGY
About 75% of the Swedish bedrock is of acidic, silica-rich type and most of the Quaternary deposits
originate from this material. The deposits are mainly formed during and after glaciation (the latest was
10,000 years ago). At that time, the crust had been pressed down by the ice cap. With the ice regression, land
was usually covered by sea from which today’s coastland is elevated. The highest traces of the ancient
shoreline (the highest shoreline) are at different altitudes throughout Sweden, depending on how much
the crust had been pressed down, how much the local sea surface rose, and the time when the area became
ice free (Fredén, 1994).
Below the highest shoreline, bare-washed bedrock, wave-washed till, gravel, sand, silt and clay are typical
results from water processes and sea sedimentation associated with the uplift. These types of deposits are
sparse above the highest shoreline, and two different hydrogeological settings emerge. Clay is the key
deposit with a high hydrogeological significance, but which exists only below the highest shoreline.
Clay tends to divide sediment groundwater into double aquifer systems as it often more or less isolates
the lower part from direct groundwater recharge.
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The hydrology and hydrochemistry of four small catchments (< 0.05 km2) with wetlands, thin sediments and
crystalline bedrock, were investigated from 1997 to 2001 on the northern Äspö Island (the southeast coast
of Sweden), and in the Lake Gårdsjön area (the west coast of Sweden), see Fig 1. Äspö Island (0.8 km2)
is situated below the highest shoreline in the development of the Baltic Sea, and the till is covered by glacial
clay. The Lake Gårdsjön area (Andersson and Olsson, 1985; Hultberg and Skeffington, 1998) is situated
above the highest shoreline - clay is absent and the till has not been wave-washed.

Sweden
Lake Gårdsjön
Precipitation: ~ 1100 mm/year

Baltic Sea

Above the highest shoreline

Below the highest shoreline
Reference catchment:
A1 (0.048 km2)
Experimental catchment:
A2 (0.049 km2)

2

Reference catchment: F1 (0.037 km )
Experimental catchment: F3 (0.028 km2)

Fig 1:

Äspö Island
Precipitation: ~ 600 mm/year

Studied areas: Äspö Island and Lake Gårdsjön.

The two sites show similar hydrological conditions where wetland hydrology dominates the water flux in the
catchment. Surrounding areas are thinly covered by glacial till (less than one meter) and most of the water
flows to the topographical low points where wetlands are usually found. In addition, the main water storage
is found within the wetland where the deposits reach a depth of up to six meters. During most of the year, the
groundwater table in the wetland is located less than one meter below surface. Hence, the groundwater
fluctuation is controlled by individual rainfall events and runoff responds immediately. Runoff is closely
related to the sediment groundwater level and is generated from groundwater drained centrally
in the wetland. Therefore, it is difficult to differentiate between groundwater and channel water components
in the runoff water. Runoff is measured with V-notched Thomson weirs driven through the deposits down
to the bedrock.
The field survey was divided into two phases: seasonal studies under natural conditions and experimental
studies where groundwater was withdrawn from the bedrock at a 45 meter depth. Monthly samples of open
field precipitation, throughfall, sediment and bedrock groundwater, and runoff water were analysed (Knape,
2001). Bedrock groundwater was generally collected at 10, 30 and 60 meters below ground surface.
Analyses of inorganic compounds of bedrock and sediment groundwater and runoff water were conducted
to survey the temporal and spatial chemical effects caused both by natural fluctuations of the groundwater
table and by an artificial lowering of the groundwater table.
The method used to generalise the complexity of the studied catchments and to enable a comparison between
them was the set up of hydrogeochemical conceptual models. These models were constructed from the study
of natural conditions (Knape, 2001). Such a model of the catchment required a wide range
of hydrogeological and hydrochemical information and data, e.g. geologic history, meteorology, land use,
the aquifer type, groundwater flow patterns, atmospheric deposition and geochemical processes.

RESULTS AND DISCUSSION
Hydrochemical effects caused by seasonal groundwater fluctuations
An overview is given below of the most significant hydrochemical effects and the processes that occurred
during seasonal high and low recharge in the studied catchments. A hydrochemical conceptual model
is displayed in Fig 2. It consists of the mass fluxes and the hydrochemical processes in different zones
of a wetland profile and in the runoff.
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8Mostly retardation
8Dissolution of O2(g) and CO2(g):
(CH2O) + O2(g) = CO2(g) + H2O =
H2CO3 = HCO3- + H+
CO2(g) + H2O = H2CO3 = HCO3- + H+
8Cation exchange, for example,
Ca2+ + 2Na-X(s) = 2Na+ + Ca-X(s)
8Oxidation of the sulphur pool ) SO42- + 2H+

8Mostly advection and hydrodynamic dispersion
8Cation exchange
8CO2 degassed
8Fe2O3(s) precipitate

8Mostly advection and hydrodynamic dispersion
8Carbonate and silicate mineral dissolution, e.g.,
CaCO3(s) + H+ = Ca2+ + HCO38Dissolution of O2(s) and CO
8Redox reactions, for example,
½ Fe2O3(s) + 3H+ + e- <= Fe2+ + 3/2 H2O
1/8 SO42- + 9/8 H+ + e- <= 1/8 HS- + ½ H2O
8Cation exchange

Hydrochemical conceptual model of the mass fluxes and the hydrochemical processes taking place
in a wetland profile during natural low recharge in the studied catchments. Resulting effects are the
appearance of pulses of sulphate, cation and chloride, as well as the low redox potential in the
groundwater. The magnitudes of the water fluxes are represented by the size of the arrows.
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The seasonal hydrochemical variations of the groundwater and runoff caused by a natural lowering of the
groundwater table were more marked at Äspö Island than at Lake Gårdsjön. The precipitation over Lake
Gårdsjön was more evenly distributed over the year, resulting in runoff all year round. In Lake Gårdsjön,
the chloride in the precipitation (up to 44 mg/l, due to sea spray) was mostly transported inactively through
the catchment and the catchments leached no marine chloride and sulphur from the sediments.
At Äspö Island, a clear effect of naturally increasing recharge was the rainwater flushing of acidic
groundwater with high concentrations of sulphate, cation and chloride into the runoff. During dry summer
periods, sulphur pulses of maximum 100 mg/l (followed by high concentrations of cations) were recorded
in the sediment groundwater (Fig 3). In both groundwater and runoff, the concentrations of dissolved organic
carbon (DOC) and iron increased in correlation with drought periods (i.e. periods with low groundwater
recharge). In the runoff at Äspö Island the concentration rose to 190 mg DOC/l.
The bedrock groundwater, studied at both sites, did not show seasonal variations in chemical composition.
Hydrogeological and hydrochemical studies at Äspö Island indicated that there is low hydraulic connectivity
between bedrock fractures (Knape, 1999) and that the hydraulic conductivity is much lower in the bedrock
than in the sediments. At Lake Gårdsjön, the hydraulic contact within the bedrock and between the sediment
and the bedrock is better.
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At Äspö Island there were natural pulses of sulphur and cations in the groundwater during periods
of low groundwater table (i.e. in autumn).

Hydrochemical effects caused by artificial withdrawal of groundwater

The difference between mass fluxes (i.e. mg/m2) entering the catchment (by precipitation) and leaving
the catchment (runoff and abstraction) reveal whether a catchment stores or releases e.g. sulphate for a given
time period. Natural runoff mass fluxes were in general greater at Lake Gårdsjön than at Äspö Island (Knape,
2001). This is due to the higher amount of precipitation and runoff (see Fig 4). It is clear that the mass fluxes
are controlled by the water fluxes.
During the study period of natural conditions, the reference catchments F1 in Lake Gårdsjön released
chloride and sulphur (see the runoff flux compared to the throughfall flux), while the same compounds were
stored in the experimental catchment F3. The Äspö Island catchments indicated a natural leakage of sulphate
and chloride, which is expected from an area situated below the highest shoreline with an excess of old
marine sulphate and chloride in the sediments.
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During the groundwater withdrawal phase in F3, the mass fluxes were affected as water corresponding
to 40% of the total natural runoff was abstracted. At F3, there was a clear storage of sulphur and chloride
during the withdrawal, compared to the reference catchment F1. At Äspö Island, only water corresponding to
4–8% of the total natural runoff was abstracted from A2, mainly due to low conductivity in the bedrock. The
catchment A2 showed no hydrochemical effect on the runoff mass fluxes during the withdrawal phase, as the
clay nearly isolates the bedrock groundwater from the sediment.
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Accumulated water fluxes and accumulated mass fluxes of sulphur and chloride for the reference
(F1 and A1) and the experimental (F3 and A2) catchments in Lake Gårdsjön and Äspö Island.
At F3, above the highest shoreline, there was a clear storage of sulphur and chloride during
the withdrawal, compared to the reference catchment F1. At A2 the bedrock groundwater
withdrawal caused no depletion effect on the runoff mass fluxes as the water flux in the sediment
was slightly affected.
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At the same time as the concentration of an element in runoff increases, the mass flux of this element can
decrease because of a decline in runoff (Fig 5). At Lake Gårdsjön, there was an evident drop in runoff caused
by the lowering of the sediment groundwater level (associated with the withdrawal of bedrock groundwater).
When the runoff declined, a pulse in sulphur and cation concentrations appeared. Nevertheless, as mass flux
is controlled by water flux, there was a resulting decline of the elements’ mass flux. At Äspö Island, an
abstraction higher than 4–8% of the total runoff may be required, as the withdrawal did not significantly
affect sediment groundwater levels. However, seasonal decreases of the groundwater recharge at Äspö Island
gave sulphur pulses. In the end of the year 2000, the groundwater recharge was higher than normal and the
sulphur pulse was absent while the mass flux rose.
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In Lake Gårdsjön, the experimental catchment showed high concentration of sulphur while
the runoff declined in year 2001, resulting in a decreasing mass flux of sulphur. In year 2000
at Äspö Island, the concentration of sulphur declined and the runoff rose, which resulted
in an increased mass flux of sulphur.

CONCLUSION
The study of four small catchments at Lake Gårdsjön and Äspö Island showed that natural and artificial
fluctuations of the groundwater table influence water quality. The groundwater level lowering resulted in the
appearance of pulses of sulphate, cation and chloride concentrations, together with low redox potential in the
groundwater and runoff. A withdrawal of bedrock groundwater at Lake Gårdsjön caused a considerable
decline in runoff, which in turn resulted in concentration pulses of sulphur and cations, but at the same time,
a decline of the elements’ mass fluxes from the catchment. In addition to precipitation and the amount of
groundwater withdrawn, the presence of clay had an impact on the hydrochemistry of the sediment water,
dependent on the site location relative to the level of the highest shoreline. Hydrogeochemical conceptual
models (Knape, 2001) were applied to support the prediction of groundwater abstraction scenarios of the
studied catchments. Further research will formulate quantitative conceptual models of the mass fluxes and
the hydrochemical processes of the studied catchments.
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ABSTRACT
The study presents results of field measurements of nutrient uptake from soil by maize canopy. It confirms
that the rate of nutrient uptake by plants during the vegetation period can be expressed by a curve with
a maximum approximately at the stage of the maximum growth intensity. It was demonstrated that
the nutrient uptake kinetics during a dry season (1981) were different from that during a normal season
(1982). The cumulative curve of ion uptake during the dry season (1981) exhibits a maximum for all three
ion species studied, after which a decrease of the cumulative nutrient uptake occurs, due to low
transpiration intensity and nutrient loss. For a maize canopy and dry year (1981), 174 kg of N (nitrogen)
per hectare and season was taken up, while for the normal season of 1982 it was 230 kg N per hectare.
More important differences between the two seasons were found in terms of the other two elements,
P (phosphorus) and K (potassium). Their seasonal uptake was 7.6 / 38 kg P per hectare and 70 / 127 kg
K per hectare for the dry and the normal season, respectively. A linear relationship (direct proportionality)
between the uptake rate of nutrients by maize roots and a maize canopy transpiration rate is applicable
to the whole vegetation period of 1982 and to the first part of the vegetation period of 1981, until the loss
of nutrients from the plants due to drought set on. The direct proportionality is expressed by values
of proportionality coefficients. These coefficients are different for each nutrient, but they are similar
for both growing seasons and a particular nutrient. The results are based on field studies with a maize
canopy grown on a silty Haplic Chernozem soil at the Trnava site (South of Slovak Republic), but general
features of the nutrient uptake should be similar in different canopies, which makes it possible to adopt
the direct proportionality between the nutrient uptake rate and the water uptake rate in simulation models.

Keywords nutrient uptake, soil, plant, transpiration
INTRODUCTION
The transport of dissolved chemicals in surface water is understood relatively well. The concentration
of chemicals and its change in time and space are relatively easy to measure. This has led to numerous
mathematical models of such processes and their application.
Quite a different situation can be found in the subsurface, particularly in a soil. The most important obstacles
to a quicker advance in understanding the soil solute transport are difficulties in determining soil chemical
concentrations. The main problem is the soil solution sampling for analysis - there are difficulties in
acquiring basic information about the concentration of dissolved chemicals and its change in time and space.
Soil solute behaviour can be briefly described as follows: chemicals are introduced into a soil usually
by fertilising (industrial fertilisers are usually used), by emissions or by the disposal of different kinds
of waste. Infiltration of water into the soil is usually the main process which transports chemicals. When
over-fertilisation leads to a high concentration of chemicals in soils and is followed by an intensive rain or
irrigation, the groundwater can be polluted. Groundwater with a high concentration of chemicals can be
a source of secondary “salinisation” of soil. But the most important process of chemical transport is
an uptake of ions by plants during their ontogenesis. Its importance is due mostly to its necessity for plant
growth. Particular chemicals are uptaken by plants as nutrients and accumulate in plant bodies.
The quantification of nutrient uptake by plants is a key problem in modelling the chemical movement in the
soil root zone. The current approach to solving this problem starts with a sampling of the soil, followed by
a determination of the nutrient concentration in the laboratory. Thus, the concentration of a particular ion is
estimated. This laborious and time-consuming method is not acceptable as a standard method for use.
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Another method would be to sample the soil solution only, e.g., using suction cups. This method would be
more acceptable, in principle, but its practical application meets difficulties. The sampling process is slow,
and it can only be used in soil at a soil water content close to saturation. Therefore, our effort is directed to
the mathematical modelling of nutrient transport. Such a model has to contain a “nutrient uptake” term.
Leaching is another process of chemical transport influencing the chemical balance in the soil. This process
is especially important during the autumn–winter period, when nutrient uptake is negligible and high
precipitation amounts infiltrate into the soil and percolate to the shallow groundwater, carrying dissolved
nutrients and thus creating a risk of groundwater salinisation, especially in agriculturally utilised catchments.
Another negative feature of leaching is the transport of nutrients originally located in the soil root zone
downwards, out of the roots’ reach, where they cannot be utilised by plants.
Modelling of the ion “uptake” process is based on ideas which are not always sufficiently confirmed
by reliable data. In particular, it is generally accepted that the so called ”passive” transport of nutrients
in plants, carried by the transpiration flux through the soil-plant-atmosphere system is the most important
mechanism over a great range of nutrient uptake rates (Dvořák, 1976, Mengel and Kirkby, 1982). It is mainly
this approach that has been used for the modelling of this process. Some models assume that the passive
transport of nutrients in plants and, consequently, also the uptake of nutrients by plant roots from the soil,
are directly proportional to the transpiration rate (Franko et al., 1995). Many “production” models estimate
N uptake by a much more simple scheme, e.g. as a function of time during a growing period. It should be
mentioned, however, that the so-called “active” transport and uptake of nutrients may also be of significance
under specific conditions (Dvořák, 1976).
To our knowledge, a proper experimental substantiation of either a linear or another simple relationship
between the uptake of macronutrients and the transpiration flux has not yet been published. The aim of this
work is to investigate the relationships between nitrogen (N), phosphorus (P) and potassium (K) uptake and
the transpiration rate of the maize canopy, based on measurements at the Trnava site in the South of the
Slovak Republic made during two growth periods (Vidovič et al., 1984). It is believed that a generalisation
of this approach for a variety of plant canopies (even for forest) is possible, but further research is needed.

UPTAKE OF NUTRIENTS BY ROOTS
The movement of ions in a homogeneous soil under isothermal conditions, can be characterised
quantitatively by a convection–dispersion equation describing the solute transport in a variably saturated
zone of the soil (Kutilek and Nielsen, 1994), with an additional sink term Mi (z,t) describing the i-th chemical
element (nutrient) uptake by plant roots.

∂ci
∂   ∂c
=  Da  i
∂t
∂z   ∂z

 ∂ (v.ci )
− M i ( z, t )
 −
∂z


(1)

where ci is an average concentration of the i-th nutrient (chemical element) in the soil solution [M L-3],
v is the solution flux density [L T-1], z is the vertical coordinate [L], t is time [T], Da is a hydrodynamic
dispersion coefficient [L2 T-1], Mi(z,t) is the pattern of the i-th nutrient uptake rate by roots [M L-3 T-1]
as a function of z and time t. Da = θ(Dc + Dm) is the effective hydrodynamic dispersion coefficient, where
Dm is the molecular diffusion coefficient of the i-th nutrient in the soil solution [L2 T-1], and Dc is
the mechanical dispersion coefficient of the i-th nutrient in the soil solution [L2 T-1].
As is implied in equation (1), the sorption/desorption processes and biochemical reactions are not accounted for;
nutrient uptake is the only process involved. The simplest hypothesis used is to express the nutrient uptake rate as
proportional to the water uptake rate. Thus, water is supposed to be a passive transporter of chemicals from the soil to a
plant. This hypothesis has been used previously (Franko et al., 1995) for the modelling of nitrogen uptake by plants
(CANDY model) but without field verification. The nutrient uptake rate can be expressed as a function of the
transpiration rate Et:

Mi(t)= ni . Et (t)

(2)

where Mi (t) is an average integral uptake rate of the i-th nutrient from the root zone under a unit soil surface
area per unit time, evaluated at time t [M L-2 T-1], Et(t) is an average transpiration rate, expressed in mass
of water uptaken by plant canopy grown on a unit soil surface area per unit time, evaluated at time
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t [M L-2 T-1], ni is the slope of this linear relationship, a dimensionless coefficient which characterises
the interaction among specific ions and the properties of the soil-plant-atmosphere system.
Further, by knowing an average concentration of the specific nutrient in a canopy Ci(t), [M L-2], (i.e. the
mass of a particular nutrient in a canopy grown on a unit area of soil surface) the rate of the i-th nutrient
uptake from the entire soil profile by a particular canopy can easily be estimated. Using an independently
estimated transpiration rate Et(t), which is the rate of water uptake by the canopy from the entire soil profile,
we can estimate the average coefficient of proportionality between the two uptake rates as:

ni = Mi(t) / Et (t)

(3)
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Fig 1:

Nutrient content Ci (nitrogen-N) in the above-ground parts of the maize canopy per square meter
of soil surface during the vegetation period of the year 1982. Measured values are shown
by triangles. The integral uptake rate of nutrients by the maize canopy from the soil Mi(t) during
1982 is shown by the solid line. The maximum uptake rates correspond approximately to the
silking phase of ontogenesis in loamy soil at the Trnava site in the South of the Slovak Republic.

SITE DESCRIPTION
The measurements were carried out at the Experimental Station of the Maize Research Institute at Trnava,
in the Slovak Republic (48o23´ N, 17o36´ E, 146 m a.s.l.); the region can be characterised as subhumid
(Thornwaite, 1948).
The soil is a loamy Haplic Chernozem (FAO classification). The maize plants (Zea Mays L.) were grown
with a stand density of 72 000 plants per hectare in rows 0.70 m apart. Industrial fertilisers were applied
during the pre-season time. Nitrogen was applied in two doses (in autumn and in spring before sowing)
at a total rate 178 = 63 + 115 (N) kg ha-1, while 52.4 kg ha-1 (P) and 116.2 kg ha-1 (K) were applied
in autumn. As will be shown later, the N nutrient amount supplied by mineral fertilisers was completely
uptaken by the plants, and even older nitrogen reserves or products of mineralisation were also used.

METHODS
Standard methods of estimating the concentration of chemical elements (nutrients) in plants and soil were
used (Vidovič et al., 1984). During the whole vegetation period 10 plants in four replications were sampled
every week for chemical analyses; in addition, the dry matter content of all plant organs was estimated.
Nutrient accumulation was evaluated per soil surface unit in the plant part above ground, in the root parts and
in the whole plants. Additionally, the following nutrient concentrations in the soil were estimated regularly:
NO-3, NH+4, H2PO-4, and K+. Meteorological characteristics were measured at the meteorological station
situated in the same field. All necessary soil and plant data were measured during the two seasons of 1981
and 1982 (Vidovič et al., 1984; Novák and Majerčák, 1992).
A potential evapotranspiration rate was calculated by a modified Penman–Monteith method. Its modification
is based on the advanced method of the aerodynamic resistance estimation, proposed by Monin and Obukhov
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(1954) and briefly described in the literature given below. Evapotranspiration and its components, i.e.
transpiration and evaporation, were estimated according to Budagovskij (1981) and Novák (1995) methods.
Finally, the seasonal courses of the maize daily average transpiration rates were estimated.

RESULTS AND DISCUSSION
The seasonal courses of three nutrient contents Ci (nitrogen (N), phosphorus (P) and potassium (K)) were
measured in the above ground parts of the maize canopy during the vegetation periods of 1981 and 1982.
A typical example of results for nitrogen is shown in Fig 1 for 1982. The integral rate of nutrient uptake was
obtained from these data by numerical differentiation. Measured data were smoothed by eye (the dashed line
in Fig 1), to allow the differentiation of the curve. As can be seen in Fig 1., measured data corresponding
to relatively high values of transpiration rates are too dispersed (see the beginning of August). The dispersion
of measured data is due to several different factors: spatial variability of the plant’s nutrient content and the
dry matter weight, the leaching of nutrients from the above ground parts of plants during heavy rainfall, and
dry matter loss due to premature senescence (the falling of dry leaves after periods of drought). Plants were
sampled randomly from all parts of the field. The variation of the content of N, P, K ions during the 1981
vegetation period was different from that in 1982 and is characterised by a local maximum in the middle of
the season followed by a nutrient content decrease during the rest of the season. Conversely, during the 1982
vegetation period (shown in Fig 1), the content of nutrients in the canopy increases during the entire season.
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Fig 2:

The daily average uptake rate of nitrogen by maize canopy Mi(t) from the soil as a function
of the daily average transpiration rate Et(t) for the vegetation period of 1982 (loamy soil, Trnava
site, the South of the Slovak Republic).

Maximum uptake rates of ions by plants were observed approximately at the same ontogenesis stage of the
vegetation periods of the years 1981 and 1982, namely at the silking stage. Nutrient loss during the 1981
vegetation period was observed when the decline of the transpiration rate, compared to 1982, became
significant. The transpiration rates were higher for the second part of the 1982 season, compared to the same
part of the vegetation period of the year 1981. Baier (1987) stated that drought can decrease the P ion uptake
of a variety of plant species. The structure of nutrient loss (active efflux and washing out) can hardly be
estimated, but a measurable washing out of nutrients – especially N from plants by rain or irrigation – was
observed (Kovács, 1982). This effect could have contributed to the decrease of nutrient concentration
in plants during September 1981 when a monthly precipitation total of 108.5 mm was observed, as opposed
to 10.4 mm of rain during September 1982. But a considerable amount of rain (187 mm) during the time
interval 4 July - 9 August 1982 did not lead to a measurable decrease of nutrient content in the maize plants.
This implies that the washing out of nutrients was not important at this time interval. Different uptakes of
nutrients during the later parts of the vegetation periods of the years 1981 and 1982 can be influenced by the
different biomass dry weight due to leaf loss and decay. Maize grain yield was estimated as 6.4 t ha-1 for the
1981 season (below average) and 9.7 t ha-1 (above average) for the 1982 season (Vidovič et al., 1984).
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Table 1: Proportionality coefficients in equation (2) for three nutrients (N, P and K)
and vegetation periods of 1981 and 1982 (loamy soil with maize canopy,
at the Trnava site in southern Slovakia).
Mi(t)
Year
N
P
K
1981
20 10-5
2.5 10-5
20 10-5
1982
15 10-5
2.7 10-5
8 10-5
For a maize canopy and the dry year 1981, 174 kg of N (nitrogen) per hectare were uptaken over the season,
while for the normal season of 1982, 230 kg of nitrogen per hectare were uptaken. But the more important
differences were found for the other two elemental nutrients - P (phosphorus) and K (potassium).
The corresponding seasonal uptake totals were 7.6 kg P ha-1 / 38 kg P ha-1 and 70 kg K ha-1 / 127 kg K ha-1
for the dry (1981) and the normal (1982) seasons, respectively. In the same two seasons, the transpiration
totals were 105 and 128.5 mm per season, respectively (the season duration was 133 days in both years).
The difference between transpiration totals in 1981 and 1982 is only 22.5 mm, but the difference in grain
yields is more crucial - 3.3 t ha-1. As can be seen from data in previous sections, the seasonal uptake of the
main nutrients approximately equals the amount of nutrients applied as industrial fertilisers. The organic
matter mineralisation is difficult to estimate, but according to data available (Agricultural soils, 2000),
the N mineralisation rate in the Trnava region is about 60 kg per hectare and season, and it can be significant.
As was stated by Kafkafi (1971), the average annual daily N uptake by maize in Israel was 1.4 kg N ha-1 d-1 ,
which is comparable with our data, while the average seasonal mineralisation rate was estimated by Kafkafi
(1971) as 2.5 kg N ha-1 d-1, which is significantly more than the average uptake. This means that no
additional N fertilisation was in fact needed. It must be noted that this is valid for dry and warm conditions
of Israel. The nitrification bacteria activity reaches its maximum at around 31 ºC (in terms of the soil
temperature) which is rarely reached in Slovakia. Therefore, the nitrogen mineralisation rates in the soils
of southern Slovakia must be lower than those in Israeli soils.
The relationships between the uptake rate of nutrients by maize roots Mi(t) and the canopy transpiration rate
Et (t) were estimated from the measured data (Novák and Vidovič, 2002), as demonstrated in Fig 2. It was
shown that the relation between the uptake of nutrients by maize roots Mi(t) and the maize canopy
transpiration rate Et(t) can be treated as a direct proportionality and, therefore, can be approximated by
a linear equation. The correlation coefficients between Mi (t) and Et(t) were relatively high: r = 0.772 (N),
r = 0.926 (P), and r = 0.804 (K) for the vegetation period of 1981, and r = 0.754 (N), r = 0.950 (P) and
r = 0.849 (K) for the vegetation period of 1982. It is worth noting that the values of the correlation
coefficients, as well as the slopes of the linear relationships (i.e. the regression coefficients) for particular
ions are similar for both seasons. In Table 1., proportionality coefficients (slopes) of the relationship
expressed by equation (3) are shown. There are differences between particular nutrients (chemical elements),
depending on the concentration of particular nutrients in the soil solution and depending on plant needs.
Equation (2) is likely valid under the condition of not limiting nutrient concentration in the soil.
It is difficult to draw final conclusions based on the results of only two seasons of measurements. No similar
comparisons of nutrient uptake with water uptake were found in the literature. Most authors only present the
seasonal course of different nutrient concentrations in canopies, but other data (relating to weather, soil, plant
transpiration, etc.) are missing (cf. Lasztity and Biczok, 1988; Biczok et al., 1988). A sort of linear
relationship (proportionality) between the transpiration and the nutrient uptake can be expected to be valid
for other crops, as well as for forests and meadows, but this should be confirmed by further research.
We also recommend that other available data from field experiments in which the soil water uptake totals
(transpiration totals) and the ion uptake totals were measured for different plants, soils and climates, are
evaluated in a similar way, in order to provide a broader data base for modelling.

CONCLUSIONS
It was shown and confirmed that the seasonal course of nutrient uptake rates by plant canopies during the
vegetation period can be expressed by a curve with a maximum (approximately at the milky ripeness phase
of maize ontogenesis), as is shown in Fig 1.
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The basic difference between the nutrient uptake course for a dry vegetation period (1981) and a normal
period (1982) for maize was shown. The course of cumulative ion uptake during the dry season exhibits
a maximum followed by a period of decrease in the nutrient content of the plant (i.e. of nutrient loss from the
canopy) during the later part of the season, which led to a substantial depression of yields. This pertains to all
three ions studied (N, P and K). On the contrary, a continuous increase in nutrient content in the canopy was
observed during the normal season of 1982.
An approximate direct proportionality, which was found between the uptake rate of nutrients by maize roots
and the maize canopy transpiration rate is applicable over the whole vegetation period of 1982 and for the
first part of ontogenesis in the vegetation period of 1981. The interannual variability of proportionality
coefficients is not significant except for potassium (Tab.1). From this it follows that equation (1) can be
applied as a first approximation to estimate nutrient uptake by maize as a function of the transpiration rate.
The results presented here are valid for maize canopy. Additional research is needed to collect more
information in order to generalise the relationship between water and ion uptake for other canopies.
The character of this relationship may depend on plant, soil and meteorological characteristics during the
vegetation period.
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FLOODS OF COMBINED ORIGIN - RAINFALL AND SNOWMELT
- IN ROMANIAN SMALL CATCHMENTS
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ABSTRACT
In this paper, the differences between the main characteristics (runoff depth, peak discharge) of rainfallsnowmelt originated floods and those corresponding to flood waves generated only by rainfall or only by
snowmelt are analysed. The comparison has been made considering that the flood wave parameters have been
determined under comparable conditions of water inflow and of previous precipitation amounts.

Keywords flood of mixed origin, synthetic flood wave, runoff depth
INTRODUCTION
In Romania, rainfall and snowmelt originated floods (floods of mixed origin) frequently occur on rivers
in mountainous regions. There are years in which the water content of the snow cover in these river basins
exceeds 500-600 mm. During the snowmelt period, usually in the spring when high amounts of rainfall
superpose the snowmelt process, severe floods occur. In this paper, several results concerning two main
characteristics of these floods – runoff depth and peak discharge – brought about by rainfall, snowmelt and
combination of these two processes are presented. The issue has proven to be difficult for conditions when
the rainfall intensifies the snowmelt process by its heat flux and by changing the snow peak metamorphism.
At the same time, rainfall suffers a delay and attenuation through the snow cover. Both sources – rain and
snowmelt – exert a certain influence upon the volumes and discharges, both from the quantitative point of
view and from the point of view of the evolution in time.

DATA
The paper is based on data recorded at the Iedut and Fantana Galbena representative basins, situated
in the western part of Romania. These basins have provided data on the variation of the snow cover (depth,
density, water equivalent) in the basins, and also on the recorded flood waves generated by rainfall,
snowmelt or their combined action. For all three types of floods, the main characteristics of the flood waves
(runoff depth and peak discharge) have been separately analysed. In the case of the two studied basins, the
relationships between the flood characteristics and the factors determining them have also been established.

METHODOLOGY
To point out the particularities of rainfall and snowmelt originated floods (mixed origin), a comparative
method has been chosen. The main characteristics of flood waves (runoff depth and peak discharge) were
determined in the case of floods of mixed origin precisely recorded at the gauging stations, and compared
with values of these elements determined in the case of “synthetic” flood waves generated only by rainfall or
only by snowmelt. They have been called “synthetic” because these floods have not been recorded at the
gauging station. The synthetic flood waves have been created on the basis of flood wave characteristics: peak
discharge, increasing duration, decreasing duration, volume. These characteristics were determined from
synthesis relations (Mita and Stancalie, 1996; Mita et al., 1999). Such relations are presented in Figs 2 and 3.
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To achieve this comparison, the following steps were taken:
1. The values of the flood wave characteristics (runoff depth and peak discharge) have been determined
for each flood of mixed origin analysed at the gauging station. These floods have been generated by
water inflow (P+hz), where P is a rainfall amount and hz the water amount coming from snowmelt.
2. For each of the floods of mixed origin a corresponding pair of “synthetic” floods has been created,
generated only by rainfall or only by snowmelt (Fig 1).
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Fig 1:

rain+snowmelt

snowmelt

The flood wave of mixed origin (rainfall + snowmelt) recorded at the gauging station Stana de Vale
during 19 – 21 April 1980 and the synthetic flood waves only from rainfall and only from
snowmelt.

The synthetic flood waves have been created using the same values of the water inflow (P+hz) which
generated the flood wave of mixed origin, i.e. the same precipitation, P(mm), in the case of the synthetic
flood wave produced by rainfall, and the same water amount from snowmelt, hz, in the case of the synthetic
flood wave produced by snowmelt. A comparison has been made between the values of the runoff depth and
the peak discharge corresponding to the flood wave of mixed origin (hsM, Qmax M) and the sum of the values
of these characteristics corresponding to the two synthetic flood waves: hsp and Qmax p in case of the flood
waves produced by rainfall, and hsz and Qmax,z in the case of the flood waves produced by snowmelt.
The following relationships were used for the floods of rainfall origin:

Qmax p = f(ip, Tp)

tcr = f(Tp)

td = f(Ttot, iXtot)

hsp = f(p, API10)

where:
Qmax,p – peak discharge of the rainfall originated flood (m3/s); Tp – time interval between the beginning
of the rainfall and the end of the rainfall core (min); ip – intensity of the rainfall for the time interval Tp
(mm/min); tcr – flood wave increase duration (min); td – flood wave decrease duration (min); Ttot – total
duration of rainfall (min); iXtot – intensity of rainfall for Ttot (mm/min); hsp – runoff depth of the rainfall
originated flood wave (mm); P – amount of rainfall that generates the flood (mm); API10 – the soil
moisture index calculated from rainfall during 10 days prior to the flood occurrence (mm).
These relationships are presented in Fig 2.
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Fig 2:

Relationships derived for floods of rainfall origin (explanation of the symbols is given in the text
above).

The form coefficient has been adopted for each flood as a function of the precipitation distribution between
0.2-0.3.
For the floods of snowmelt origin, the following relationships were applied:

hsz = f(hz, API10)

Qmax,z = f(ihz, API10)

where:
hsz – runoff depth of the snowmelt originated flood wave (mm); hz – water yield of snowmelt during a
certain time interval (mm); Qmax,z – peak discharge of the snowmelt originated flood (m3/s); ihz – intensity
of the water produced by snowmelt (mm/hour); API10 – the soil moisture index calculated from the
rainfall and water yield of snowmelt during 10 days prior to the flood occurrence (mm).
These relationships are presented in Fig 3.

Fig 3:

Relationships derived for floods of snowmelt origin (explanation of the symbols is given in the text
above).
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In the case of the increase and decrease duration of the flood wave, there also exist syntheses showing their
dependency on the diurnal duration of the snowmelt process and on its intensity, in accordance with the air
temperature variation. Such syntheses have been used to create the “synthetic” floods generated only
by snowmelt.

RESULTS
By establishing the values of the flood characteristics (runoff depth and peak discharge) in the case of the
floods of mixed origin and of the “synthetic” floods, a comparison of the respective parameters for the three
types of floods could be made.
Runoff depth
The values of the runoff depth determined in the case of the flood waves of mixed origin, hsM (mm),
generated by certain precipitation amounts, P (mm), and certain water amounts produced by snowmelt, hz
(mm), were compared with the sum of the values of the runoff depth obtained separately from synthetic
flood waves: hsp given by rain and hsz (mm) given by snowmelt (hsp + hsz).
In all the cases it was found that hsM> hsp+hsz. The higher values of the runoff depth in the case of mixed
floods, hsM, in comparison with the sum (hsp+hsz) are justified through the acceleration of the snowmelt
process, which is a function of the precipitation fallen on the snow surface.
The difference hsM- (hsp+hsz.) has been calculated for all mixed floods. The analysis has shown that this
difference, ∆ hsM, favouring the mixed floods, depends on the share of the rainfall amount (P) within the total
water inflow generating the mixed wave (P+hz); β = P/(P+hz).
In order to prove this fact, both the ∆ hsM difference and the β ratio have been determined (in percentage).
Thus:
∆ hsM(%) = [hsM - (hsp+hsz)]/ (hsp+hsz)*100
β (%)= P/(P+hz)*100
In the relationship ∆hSM(%)=f(β, P+hz) presented in Fig 4, it can be noticed that the highest values of
∆hSM(%) are encountered in the area of the values β = 55 - 75%, irrespective of the total water inflow amount
(P+hz).
Consequently, the difference between the values of the runoff depth in the case of mixed floods (hsM) and
the sum of the runoff depths in the case of the “synthetic” floods (hsp+hsz.) is the largest when the share
of rainfall (P) in total water inflow (P+hz) varies between 55% and 75%. This means that in the case of such
values of the rainfall share its influence upon snowmelt is the largest.
In Fig 4, a decrease of ∆ hsM(%) values as β approaches 100% can also be observed. This means that when
there is a significant increase in the rainfall share β, the water inflow coming from snowmelt (hz) decreases
considerably.
Finally, values of the rainfall share of β = 100% are reached when hz=0 and the value ∆hSM(%)=0. Because
snow does not exist any more, there are no supplementary yields coming from its melting.
∆ hsM(%) also decreases in the region with low values of the β parameter. This means that due to the rainfall
share decrease, the accelerating effect of the snowmelt process also decreases. Thus, for values of β=0%
values of ∆hsM=0% will result because factors affecting the snow depth do not exist.
The same relationship points out the fact that in absolute value ∆ hsM does not record significant variations
in the conditions of the total water inflow variation (P+hz). This means that rainfall has a certain potential
with respect to snowmelt process acceleration to induce a higher variation of the water equivalent in the
snow depth.
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Peak discharge
The comparative analysis of mixed floods (Qmax M) with the peak discharges of the “synthetic” floods
generated only by rainfall (Qmax P) and only by snowmelt (Qmax Z), has proved to be more complex than in the
case
of the runoff depth analysis. This is due to many factors, affecting not only the peak discharge value but also
the time of its occurrence for the mixed floods. It is worth mentioning some of these factors: quantity and
intensity of the rainfall over the snow, snow cover characteristics (depth, density, water equivalent), and
others.
In addition to this, the rainfall nucleus and the maximum intensity of the snowmelt are recorded at different
moments. Rainfall can be observed at any time during the day, while the maximum intensity of snowmelt
is recorded only after the maximum air temperature has been reached. Within this context, the peak
discharge recorded for mixed floods, (Qmax M), has not been compared to the sum of the peak discharges
corresponding to both “synthetic” floods, (Qmax P+Qmax Z).
Within this analysis, the values Qmax P were first determined from the synthesis relationships, for the same
characteristics of the rainfall P existing in the case of the flood wave of mixed origin (amount, intensity,
the moment of recording of the nucleus). In the case of the synthetic flood wave from snowmelt a certain
discharge, QZ, which corresponded to the time of occurrence of the maximum discharge Qmax P was
considered. Thus, Qmax M has been compared to the sum (Qmax P+QZ). Under these conditions, (Qmax M) was
smaller than the sum (Qmax P+QZ).
For the comparative analysis, the reducing coefficient of (Qmax M) with respect to the sum (Qmax P+QZ) was
defined: ∆Qmax M(%).

∆Qmax M (%) = [(Qmax P + QZ ) − Qmax M ] /(Qmax P + QZ ) ⋅ 100
This coefficient has been correlated, as in the case of the runoff depth, with the β parameter.
In Fig 5 the relationship ∆Qmax M(%) = f(β P+hz) is shown.

Fig 4:

The realationship ∆hSM= f(β, P+hz).

Fig 5:

The realationship ∆Qmax,M = f(β, P+hz).

It is worth to emphasise the fact that the relationship refers to a more restricted domain of the total water
inflow variation (P+hz): between 40 and 60mm. The analysed rainfall intensity has varied between 0.15 and
0.25 mm/min. As the relationship has shown, the biggest attenuation of Qmax M is recorded in the range
β = 60%-80%. This can be explained by the fact that at such rainfall values (amounts, intensity), the
synthetic flood wave has a much higher discharge than the mixed floods. (It is taken into account that water
inflow P + hz = 40 - 60 mm and the rainfall share β > 60%, P > 25 mm). For β > 80%, the values of Qmax P
increase as the rain increases. To a certain degree the values of Qmax M will also increase, being determined
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more by precipitation than by snowmelt. The result will be a decrease of ∆Qmax M. For β = 100%, Qmax M = 0,
because the discharge will be generated only by rainfall. In the case in which the rainfall share decreases
towards zero, a significant decrease of the ∆Qmax M parameter can be noticed. This parameter may have
negative values at rainfall shares less than 30-40%. The explanation is that at such rainfall shares, the rainfall
amount is quite small, with a little more than 10 mm (in the relationship in Fig 5, the values P+hz = 40 - 60
mm).
At such precipitation amounts and intensities (0.15 - 0.20 mm/min) the discharges are very small. In spite of
this, the snowmelt originated discharges, at rainfall shares of 60-70%, and hz>25 mm, are relatively high.
They will condition values of the mixed flood peak discharge to be higher than the sum resulting from
discharges of both synthetic hydrographs. Because the rainfall originated discharge will not be taken into
account, but the rainfall amount, even small, will accelerate the snowmelt process, causing a higher
discharge value.

CONCLUSIONS
The comparative analysis of the main characteristics of rainfall–snowmelt originated floods (depth of runoff
and peak discharge) with those of flood waves originated from rainfall or snowmelt only, considering the
same generating parameters (water inflow and soil moisture index), shows an increase of the runoff depth
and a decrease of the peak discharges of the mixed flood waves.
The results of this analysis are very important for flood forecasting, giving the possibility to quantitatively
estimate the characteristics of mixed floods, especially the depth of runoff, in small mountain river basins
which can be considered "warning basins" for larger basins in a flood forecasting model (Diaconu and
Stanescu, 1976).
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ABSTRACT
The role of groundwater resurgence on runoff coefficients was investigated in the Alzette river floodplain,
upstream of Luxembourg-city (Grand-Duchy of Luxembourg). A threshold in the saturation level was identified
through the calculation of a water balance at a daily time step. This threshold appeared to coincide
with groundwater resurgence in the Alzette river floodplain. Once groundwater resurgence appears, runoff
coefficients reach their maximum level of approximately 70%, regardless of individual rainfall event totals.
Groundwater level monitoring can thus serve as a tool for evaluating the overall saturation level, as well as
the runoff coefficients that are to be expected in case of rainfall.

Keywords Alzette basin, groundwater resurgence, runoff coefficients
INTRODUCTION
In north-western Europe, floods are preferentially caused either by excessively heavy and/or excessively
prolonged rainfall. The activation and the interaction of hydrological processes in a river basin are dependent
on a combination of various factors; defined as meteorological parameters, land use, soil moisture and
physical properties (Ambroise, 1998). Flood generating processes can be classified into four major
categories: direct precipitation, overland flow, throughflow and groundwater flow (Musy and Higy, 1998).
Saturation overland flow, combined with return flow, occur on variable source areas, also described
as ‘saturated contributive areas’ by Cosandey and Robinson (2000), as a result of prolonged rainfall,
preferentially in riparian zones (Joerin, 2000). These flood-producing processes cause large volumes
of quickflow that reach the stream channels very rapidly during and immediately after a rainfall event
(Smith and Ward, 1998).
Merz and Plate (1997) have outlined that the influence of the spatial variability of soils and soil moisture
on runoff is reduced for very small and for large events, while it plays a major role for medium-sized rainfall
events. Hangen et al. (2001) have identified in a micro-scale basin in south-western Germany three stages
with different contributions of the single runoff components and source areas: 1) a rapid release of water
by soil water displacement/fast infiltration in the near-channel area, supplemented by saturation overland
flow, 2) a fast depletion of the near-channel reservoir comprising soil water and groundwater and 3)
a delayed reaction of the hillslope aquifer.
The concept of variable source areas has been transposed to the macro-scale Alzette river basin (GrandDuchy of Luxembourg), where the role of groundwater resurgence on flood genesis has been investigated.
Since the early 1990’s, high-magnitude floods have caused important damages in the Alzette river basin
on several occasions. A significant increase in winter maximum daily streamflow of the Alzette over the last
decades has been clearly linked to a positive trend in winter rainfall totals due to westerly atmospheric fluxes
(Pfister et al., 2000). With increasing winter rainfall totals, extended periods with groundwater resurgence
are expected to increase the probability of conditions that are propitious to flood genesis.
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THE ALZETTE RIVER BASIN
The Alzette experimental basin (1172 km2) is located in the Grand-Duchy of Luxembourg at an altitude
ranging from 200 to 539 m.a.s.l. The average annual temperature is 8.3°C and the average annual rainfall is
876 mm. The underlying bedrock mainly consists of superimposed strata of sandstone and marls.
On its northern border, the Alzette basin is limited by schists that are part of the Ardennes massif.
Since 1995, public authorities and the Public Research Centre – Gabriel Lippmann have built-up
a complementary stream and raingauge network in the Alzette basin. The network has been designed
to monitor subbasins that are representative of the large physiographic diversity of the Alzette basin.
Since 1996, 12 raingauges and 23 streamgauges (recording at a 15-minute time step), in addition to
an already existing network of more than 50 pluviometers (measurements at daily time step), are monitoring
rainfall and streamflow in the Alzette basin. The sizes of the 23 monitored subbasins vary between 0.8
and 1172 km2. Upstream of Luxembourg-city, the observation network has been completed
with 3 piezographs, monitoring groundwater levels at an hourly time step since 1996.

Fig 1:

Location of the Alzette river basin and hydroclimatological measuring network upstream
of Luxembourg-city.
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THE STUDY AREA
The Alzette river originates in France, approximately 4 km south of the French-Luxembourg border (Fig 1).
The Alzette river basin covers an area of 1172 km2 and the valley accommodates almost 2/3 of the
population of Luxembourg, as well as an important part of the industrial infrastructure. The study area is
restricted to the Alzette floodplain, located upstream of Luxembourg-city and covers 291.3 km2 (upstream
of the Hesperange streamgauge).
The topography of the floodplain is characterised by a natural sandstone bottleneck, located near
Luxembourg-city. Upstream of the bottleneck, the valley is up to 2.5 km wide, while in the Luxembourg
sandstone the valley is only 75 meters wide. Moreover, the sandstone extends approximately 80 meters
below the surface. Over the study area, elevations range from 260 to 441 m.a.s.l. The geological substratum
of left-bank tributaries of the Alzette river is dominated by marls, while the right-bank tributaries have
limestone and sandstone deposits due to a natural bottleneck of sandstone. The depth of alluvial deposits
varies between 4 m (near Dumontshaff) and 8 m (near Hesperange). Sand, gravel, as well as marls and clay
alternate in the alluvial deposits (Marx, 1987).

GROUNDWATER RESURGENCE AS A RUNOFF GENERATING PROCESS IN THE
ALZETTE RIVER FLOODPLAIN
Observations of rainfall, streamflow and groundwater have confirmed the pluvio-evaporal type of the
hydrological regime of the Alzette (Pfister, 2000), with highest runoff values being recorded during winter
and lowest runoff values occurring during summer. During winter months, high rainfall totals and lower
evapotranspiration cause a progressive rise of both groundwater levels and streamflow. Storm runoff is
mainly generated in the western part of the Alzette basin, where highest rainfall totals and impermeable
geological substratum are overlapping (Pfister et al., 2002). During winter months, groundwater resurgence
starts close to the natural bottleneck near Luxembourg-city and then progressively extends further upstream.
Recorded piezometric levels tend to stabilise at a maximum level, once groundwater resurgence is reached
(see example of the piezometric well in Bivange, Fig 2).
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Fig 2:

Observed piezometric levels (Bivange well)
of Luxembourg-city.
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and calculated water balance upstream

The assumption was made that the natural bottleneck of the Alzette hampers the downstream progression
of groundwater and thus causes a rapid rise of piezometric levels upstream of the bottleneck.
As a consequence, once groundwater resurgence covers large areas of the floodplain, runoff coefficients
increase and cause an important rise of streamflow and ultimately of flooding.
A water balance was calculated in order to analyse the evolution of the water stock within the Alzette basin
throughout the hydrological year, as well as its impact on runoff coefficients and on runoff. The water
balance was calculated on a daily time-step as follows:
WB(t) = R(t) – Q(t) – AET(t) + WB(t-∆t)
With,

R(t) = mean daily rainfall
Q(t) = mean daily streamflow at Hesperange streamgauge station
AET(t) = mean daily actual evapotranspiration (based on Penman-Monteith PET calculations)
WB(t) = water balance, i.e. amount of water stored at time t in the catchment upstream
of Luxembourg-city.

The water balance shows a maximum threshold, around 180 mm, close to the groundwater resurgence level
(Fig 2). In each hydrological year, the water balance reaches a maximum level almost at the same time that
groundwater resurgence occurs. Groundwater resurgence at the piezometric well at Bivange corresponds
to a water balance level of approximately 180 mm.
The impact of the overall basin saturation is illustrated by the almost linear relationship between water
balance and runoff coefficients determined for winter rainfall events that occurred between October 1997
and March 2001 (Fig 3). The closer the water balance is to the saturation limit, the higher the runoff
coefficients are. In case of snowfall, runoff coefficients are slightly inferior for a given water balance value,
due to the progressive snowmelt process.
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Fig 3:

Relationship between water balance and runoff coefficients on rainfall event scale.

For rainfall events that occurred while the water balance was equal to or exceeding 180 mm, a linear
relationship was observed between total event rainfall and total event runoff of the Alzette (Fig 4).
During overall saturation conditions, runoff thus amounts to more or less 70% on average of total rainfall.
This further illustrates the key role played by the complete saturation of the river system.
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A very close relationship exists between water balance and piezometric levels in the Alzette river floodplain,
upstream of Luxembourg-city (Fig 5). The highest water balance levels are reached at groundwater
resurgence, equally corresponding to the highest runoff coefficient, reaching an average of 70%
at the rainfall event scale.
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CONCLUSION
A clear relationship between the saturation level (documented by water balance values), piezometric levels
and runoff coefficients has been determined for the Alzette river basin upstream of Luxembourg-city.
During winter months, incident rainfall causes the groundwater table to rise, ultimately saturating large parts
of the Alzette floodplain. The storage capacity of the basin is moreover strongly limited by a natural
sandstone bottleneck. Runoff coefficients can thus reach very high levels once groundwater resurgence has
spread over large parts of the floodplain.
The strong relationship between piezometric levels, water balance values and runoff coefficients suggests
the use of groundwater monitoring as a complementary tool in flood alert systems, groundwater levels close
to resurgence indicating high runoff coefficients and thus propitious conditions for flood genesis.
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ABSTRACT
On the Rax Alpe, a mountain site in the Northeastern Calcareous Alps of Austria, five experimental plots have
been selected with representative types of vegetation cover (forest, krummholz and subalpine grassland) in order
to describe hydrological parameters for these vegetation classes. The research area is located in the water
resources protection zone for the drinking water supply of the City of Vienna. Three vegetation types were
analysed in the montane zone (1000 m a.s.l.): a mixed spruce-fir-beech stand (B1), a homogeneous spruce
plantation (F1) and a regeneration area (B2). Two vegetation types were analysed in the subalpine zone
(1800 m a.s.l.): a subalpine grassland (A1) and a krummholz area (L1 - Pinus mugo). A comparable set
of measuring instruments was installed on each experimental plot. Differences between the specific vegetation
types, which seem to be significant for the hydrology of these karstic headwaters, could be outlined by the
comparison of various parameters.

Keywords karst, forest, krummholz, subalpine grassland, interception, soil moisture
INTRODUCTION
The City of Vienna receives about 95 % of its drinking water from the Northeastern Calcareous Alps
of Austria. The watershed areas there are covered with forests, alpine grasslands or are simply barren rock
areas. In order to estimate hydrological differences between representative types of vegetation, five
experimental plots have been installed on the Rax Alpe, which is a mountain within the water resources
protection zone of the City of Vienna. Within the montane and subalpine zones, the investigated vegetation
classes are compared with regard to specific hydrological parameters. Through comparison, hydrological
differences between the vegetation classes can be emphasized. The study also contributes to the formulation
of management guidelines that define the most adequate forest composition, forest structure and land use
practices in order to optimise water quality and water yield for the drinking water supply
of the City of Vienna.

METHODS
A comparison between the specific vegetation classes, which are represented by the experimental plots,
has been conducted on three plots within the montane zone and on two plots within the subalpine zone.
In order to represent widespread forest types of the montane zone, a natural old grown mixed stand
of spruce, fir and beech (B1, natural vegetation about 150 years old), a homogeneous 60 year old spruce
plantation (F1) and a regeneration area (B2, young trees and clearcut vegetation) have been selected
as appropriate for the installation of three experimental plots. They are situated at the same altitude
(1040 m a.s.l.), they have the same inclination (30°), similar aspects (from SW to W) and relatively similar
soil types (with regard to the highly variable karst soils). The soils are calcareous leptosols and the bedrock
is dolomite mixed with limestone particles. On the forested plots the humus layers are thick and variable,
on the regeneration plot the humus layers are shallow and relatively homogenous. The thickest humus layers
can be found on the B1 plot (the natural mixed stand of spruce, fir and beech). On all three plots the potential
natural forest community is Helleboro-Abieti-Fagetum typicum (Zukrigl, 1973; Köck et al., 2002).
On the Rax plateau, two experimental plots have been installed at 1840 m a.s.l. The first one is situated
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within a krummholz area (L1 - Pinus mugo) and the second one within an open subalpine grassland (A1).
Krummholz vegetation and subalpine and alpine grasslands cover large areas of these altitudinal regions.
The area on the Rax plateau is level and slightly undulating, the soils on both plots are chromic cambisols
and the bedrock is limestone. The humus layer on the krummholz area (L1) is shallow and homogeneous
(around 5 cm), while there is only mull-humus on the grassland plot (A1).
On all five plots a comparable set of measuring instruments has been installed. In order to guarantee
measurement cycles throughout the year, data loggers have been installed in plastic boxes within the soils.
The data loggers are MiniCube loggers from EMS (Environmental Measuring Systems, Brno).
Air temperature and relative humidity were measured at a height of 2 m on all five plots. Soil temperature
was measured at 5 cm, 15 cm, 30 cm and 45 cm depths on all five plots. Wind speed was measured 2 m
above the ground on all experimental plots except L1 (krummholz-plot) and 2 m above the crowns of two
dominant trees in B1 (spruce-fir-beech plot) and in F1 (spruce plantation plot). Solar radiation was measured
3 m above the ground at two places: in B2 (regeneration plot), which is the open reference base within
the montane zone and in A1 (subalpine grassland), which is the open reference base within the subalpine
zone. Soil moisture was measured at depths of 20 cm and 50 cm in the montane zone, using “Frequency
Domain” (FD) probes (Delta-T Devices Ltd. 1999). These probes have been installed at 5 locations in B1
and three locations in F1 and B2. Within the subalpine zone, soil moisture probes have been installed
at depths of 20 cm and 35 cm below the soil surface. Both on the A1 plot and on the L1 plot, the measuring
design has been installed in two locations. Because of the high gravel contents of the karstic soils, the theta
probes have been installed horizontally in such a way that the rods are surrounded by homogenised
autochthonous soil material, settled to its natural bulk density, instead of inserting them into the natural
layered soil. This approach was selected because of the significant underestimation of soil moisture content
caused by gaps of soil around the rods, which frequently occurs if the sensors are placed into undisturbed
rocky soils (v. Wilpert et al., 1998). The soil where the sensor is inserted should also not be compacted
(Robinson et al., 1999). The theta probes were installed only into the undisturbed soil within the naturally
dense and homogeneous humus layers. Börner et al. (1996) found a strong linear relationship between
the volumetric water content of litter measured by TDR probes and the litter water content calculated
from gravimetric values.
In order to describe the precipitation events, bulk raingauges have been installed for measuring precipitation
in the open area (gross rainfall) in B2, close to B1 and in A1. Within the montane zone, canopy throughfall
collectors have been installed at all three plots: five in B1, three in F1 and two in B2. In the subalpine zone,
six canopy throughfall collectors have been installed in L1 within the krummholz bushes. At the B1 plot
where beech is growing, stemflow gauges have been installed on three beech trees in order to characterise
interception losses for this mixed stand (spruce, fir, beech, maple). Stemflow on spruce occurs
with quantities around 1 % or less and was therefore considered negligible (Hager and Holzmann, 1997).
During the winter season, snow cover (snow depth) and the water equivalent of the snow cover have been
investigated at all plots, following a snow course scheme.
At all five plots, lysimeters have been installed in order to obtain seepage water for water quality analysis.
The suction lysimeters (ceramic cups with 8 cm diameter) were installed 15 cm and 60 cm below the soil
surface at the three plots in the montane zone. In B1 this device has been set up in six locations, in F1 and B2
in three locations. Due to the soil properties in the subalpine zone (high rates of rock material in the deeper
soil horizons), the ceramic cups have been installed there at depths of 15 cm and 30 cm. At the A1 and L1
plot the lysimeter device has been set up in two locations. The seepage water samples were analysed
for nitrate, ammonium, calcium, potassium, magnesium, sodium, pH value and electric conductivity.

FIRST RESULTS AND DISCUSSION
Monitoring of precipitation, canopy throughfall and stemflow during three summer seasons showed high
variation of these parameters as a function of the characteristics of precipitation events. Rainfall in general
is a phenomenon which shows high spatial variability (Lopes, 1996; Hanson et al., 1989). Between the two
experimental plots B1 (spruce-fir-beech plot) and F1 (spruce plantation) in the montane zone, gross annual
rainfall shows some variability (see Table 1, GR). Interception within the stands (B1 and F1) is highly
variable (Durocher, 1990), and each precipitation event shows different interception rates depending on the
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intensity of rainfall (Price et al., 1997) and other meteorological variables (such as temperature, wind, etc.).
Due to the high variability of the canopy structure within the mixed stand B1 (spruce-fir-beech plot)
in relation to the homogeneous stand in F1 (spruce plantation), the variability of canopy throughfall is also
higher in B1 than in F1; the standard deviation of canopy throughfall is therefore higher in B1 than in F1
(Table 1). Stemflow on the beech trees within B1 is responsible for the difference in net precipitation
between the mixed stand (B1) and the spruce plantation (F1). It also seems to be obvious that higher values
of gross precipitation in wet years (e.g. 1999) lead to higher net precipitation than years with lower values
of gross precipitation (e.g. 2001, Table 1). The variation of interception loss for each precipitation event
is dependent on the intensity of rainfall. Intensive rainfall leads to lower interception rates than less intense
rainfall. In F1 (spruce plantation) interception loss (on an event basis) during the measurement period
in 2000 ranged between 8.9 % and 81.3 %. During the measurement period in 2001 the interception loss
in F1 ranged between 22.2 and 67.6 %. The years with higher rainfall amounts also show higher net
precipitation.
Table 1: Overview for summer canopy throughfall and net precipitation
for a mixed spruce-fir-beech stand (B1) and a homogeneous spruce plantation (F1).
B1
1999

2000

2001

Ctf
StD
Ste
NeP
Ctf
StD
Ste
NeP
Ctf
StD
Ste
NeP

F1

65.8 %
± 5.3 %
7.3 %
73.1 % (GR: 1178 mm)
60.5 %
± 6.0 %
6.5 %
67,0 % (GR: 882 mm)
53.6 %
± 4.4 %
6.6 %
60.2 % (GR: 813 mm)

Ctf
StD
Ste
NeP
Ctf
StD
Ste
NeP
Ctf
StD
Ste
NeP

69.7 %
± 3.9 %
-69.7 (GR: 1226 mm)
61.6 %
± 0.8 %
-61.6 % (GR: 901 mm)
53.0 %
± 3.1 %
-53.0 % (GR: 891 mm)

Ctf is the canopy throughfall (calculated as the mean of all troughs on each plot), StD is the standard
deviation of canopy throughfall for each plot, Ste is the stemflow on beech (calculated as the value for the
whole plot area of B1), NeP is the net precipitation (which is identical with canopy throughfall in F1 and
which is the sum of canopy throughfall and stemflow in B1), and GR is gross rainfall (mm). Values are
expressed as a percentage of GR.
In the subalpine zone, interception loss within the krummholz plot (L1 - Pinus mugo) is highly variable.
Interception rates constituted between 19 % and 65 % of gross rainfall, while at the same time one trough
received 118 % of gross rainfall. The variations of canopy throughfall within the krummholz plot could be
related to stemflow dynamics of the Pinus mugo plants, which have not been measured because of technical
obstacles due to the shape of this plant. Pinus mugo grows with a high variation in the angle of its branches,
so that locating the place for mounting stemflow gauges is not simple. In the desert of Arizona it was
possible to mount stemflow gauges at the base of creosote bushes (Larrea tridentata) (Whitford et al., 1997),
by a technique that is not applicable for Pinus mugo. Another reason for the canopy throughfall variations
could be the capability of Pinus mugo to intercept moisture from fog and clouds (occult precipitation).
At the edges of the krummholz groups, a higher rate of moisture is likely to be intercepted. In other montane
forests of the earth, occult precipitation is an important quantity (Hunzinger, 1997; Flemming, 1993).
Wind-driven rainfall can also have the effect of inhomogeneous distribution of canopy throughfall
(Herwitz and Slye, 1995). The canopy throughfall troughs quantify occult precipitation only as a unit
together with gross rainfall, therefore it is not possible to measure the percentage of total precipitation which
is occult precipitation with this technique.
Soil temperature is influenced by vegetation cover. In the subalpine zone, soil temperature (at a 5 cm depth)
on the open subalpine grassland (A1) reaches maxima which are more than 7°C warmer than on the
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krummholz area (Pinus mugo plot L1- on 10 June 2000 – Fig 1). The monthly means during the summer
season 2000 were also higher in A1 than in L1; the difference, viewed over all measured soil horizons,
varied between 0.5°C and 4°C. The trend of higher soil temperatures in A1 during the summer season was
inverted during the winter season, where L1 exhibited warmer soil than A1. Within the krummholz, the soil
did not freeze during the winter season (e.g. 1999/2000) or froze only slightly in the upper horizon
(e.g. 2000/2001), while the soil in A1 froze significantly (less than minus 1°C) and over all measured soil
horizons. During the snowmelt period, higher soil temperatures under krummholz vegetation (L1) allowed
melting water to percolate into the soil, while on the frozen soil in A1 (open grassland) percolation could not
occur on the whole area during the same time.

Fig 1:

Soil temperature 5 cm below the soil surface: A1 (subalpine grassland) and L1 (krummholz area,
Pinus mugo).

The effect of soil temperature during the winter season has been estimated by a comparative analysis of soil
moisture and soil temperature dynamics during the snowmelt period in the spring season 2000 in the
subalpine zone. Melting water or precipitation water percolates more easily into soils without ground frost
than into frozen soils (Shanley and Chalmers, 1999). In the montane zone, soil temperature also shows
the influence of vegetation cover. Peaks in soil temperature in the upper soil horizons differ on radiation days
by 2°C to 7°C during the day time between the mixed forest stand B1 and the open regeneration plot B2,
with higher soil temperatures occurring in B2. The homogeneous spruce plantation (F1) exhibits slightly
higher soil temperatures than the mixed stand in B1. Soil temperature is a key parameter for many
geo-chemical processes, which start to be evident after using the clearcutting technique of harvesting
(Likens and Bormann, 1995; Reynolds et al., 1992; v. Wilpert et al., 2000; Martin et al., 2000).
Soil moisture dynamics showed different behaviour for each vegetation type. In the subalpine zone
for example, soil moisture remained higher under krummholz vegetation (L1 - Pinus mugo) than under
subalpine grassland vegetation (A1) after a winter season with a high level of snow accumulation
(e.g. 1999/2000). During long lasting dry spells, which occurred in the year 2000 during the month
of August, soil moisture dropped more quickly at L1 than at A1. In June 2000, soil moisture at every
measurement plot in L1 was higher than in A1. In August the soil moisture levels in L1 were lower than
in A1 at two plots. Soil moisture is, especially during dry periods, controlled by the soil type and vegetation
(Gautam et al., 2000). During the dry spell in August 2000, soil moisture dropped more quickly under the
krummholz vegetation than under subalpine grassland vegetation, which can be explained by a higher
transpiration demand of Pinus mugo compared to grassland vegetation (Dirnböck and Grabherr, 2000).
The high soil moisture content within the krummholz area in the summer months of 2000 can be related
to high snow accumulation during the winter season of 1999/2000. The snowmelt water percolated
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with higher ease into the soils which were covered by krummholz vegetation. Variations of soil moisture
conditions are higher within the krummholz area (L1) than within the subalpine grassland area (A1).
This can be related to higher variability of precipitation distribution due to the growing shape of the Pinus
mugo plants. Variations of soil moisture conditions due to the variation of soils within the subalpine zone
of the Rax are not substantial, because the soils on A1 and L1 are identical (chromic cambisols).
Variations due to differing depths of groundwater table can also be excluded since groundwater is not
relevant for karstic sites at this altitude, but variations due to groundwater do occur in watersheds
with crystalline bedrocks (Beldring et al., 1999).
The analysis of the seepage water, which has been extracted by the lysimeters, showed the highest nitrate
concentrations on the spruce plot F1 (8,7 mg NO3-/l as the highest value). The regeneration area B2 had the
lowest nitrate concentrations due to mobilisation and erosion and/or leaching of the nutrients which had been
stored in humus and root biomass after the clearcut period. The clearcut was made after wind blowdown,
which took place 25 years ago. On the plot in B1 the seepage water shows varying nitrate concentrations,
which are generally lower than in F1. After clearcutting, the nitrate concentration in seepage water can reach
high values (v. Wilpert et al., 2000; Likens and Bormann, 1995; Reynolds et al., 1992; Martin et al., 2000).
In general, nitrate concentrations in seepage water in the Rax area are low, also in comparison with the
karstic research area in the Northern Calcareous Alps of Tyrol at the Mühleggerköpfl (Smidt, 2001;
Feichtinger et al., 2002). This may be due to lower atmospheric N inputs in the Rax area. The pH value and
the electric conductivity of the seepage water generally increase with soil depth. The highest concentrations
of nitrate and ammonium in precipitation water (crown throughfall) have been found beneath the crowns
of spruce (in F1 and B1). The tendency of spruce to filter higher amounts of pollutants is also highlighted
in other studies (Rothe et al., 1998; v. Wilpert et al., 2000; Adamson et al., 1993; Robertson et al.; 2000).

CONCLUSIONS
The installation of a comparable set of measuring instruments on five experimental plots in the water
protection zone of the City of Vienna made it possible to monitor some hydrological processes within these
karstic headwaters. The five experimental plots represent characteristic vegetation types within the water
protection area. The setting of the instrumentation is suited for the operation of the sensors during
the summer season as well as during the winter season. The first results of this project show hydrological
differences between the monitored vegetation types. These differences can be used in order to elaborate more
specific forest and land use management concepts for water protection purposes.
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ABSTRACT
Although it is commonly understood that forest reduces annual runoff, the amount of the reduction may vary
considerably as a function of the soil and climatic conditions. Forest enhances evaporation through two main
processes: 1) Deeper root systems use the water stored in the soil more efficiently during the summer period.
As a result, more water is retained in the soil during the following autumn before the resumption of winter
discharge, and annual runoff is reduced. 2) Loss by interception is greater in forested areas than for other types
of vegetation cover during the winter months, mainly because of more efficient use of advective energy. Studies
in small catchments on Mount Lozère (South of France) have shown that during the winter period, “actual”
evapotranspiration (calculated by the water balance method) is higher than “potential” evapotranspiration
(estimated using a standard equation). These differences are due to interception losses. During the study period,
one small spruce-forested catchment was cut and replanted, while another grassland/heath catchment was left
undisturbed. Interception losses for the two basins were compared. The study period (1982-1995) covered
the pre-cut (1982-1987), cutting (1987-1989) and postcut/regrowth (1990-1995) periods. Results show that
cutting the forest did reduce interception losses. However, the hydrological behaviour of the cut catchment
changed back to its pre-cut behaviour relatively quickly and clearly before the new plants had developed enough
to be considered as forest cover.

Keywords forest hydrology, interception, forest evaporation
INTRODUCTION
The hydrological impact of forest is one of the most controversial issues when it comes to studying
the consequences of human activities on water resources (Calder, 1979, 1985; Morton, 1984, 1985). As early
as 1982 – and the study is still a reference – Bosch and Hewlett concluded their study “A review
of catchment experiments to determine the effect of vegetation changes on water yield and evaporation”
by emphasizing the complex nature of the results. Only one thing was certain: “No experiment
in deliberately reducing cover caused reductions in yield, nor have any deliberate increases in cover caused
increases in yield.” Obviously, then, if the forest has an impact on annual runoff, it is to reduce it.
The reduction is all the greater when conditions include a large water deficit, abundant water reserves, and
also frequent but light rainfall (Cosandey and Robinson, 2000).
Two mechanisms account for the reduction:
• First, the forest provides a larger surface for interception during rainfall and enough roughness to favour
high air turbulence and, therefore, more efficient use of advective energy and a higher rate
of evaporation. On the other hand, evaporation can limit plant transpiration, and it is difficult to evaluate
the increase in overall evapotranspiration that results from the direct evaporation of intercepted water.
It is not possible to know the value for the increase from direct measurements of the intercepted water
that does not reach the soil, since a partial compensation can occur with a decrease in plant transpiration
(the available energy is used more quickly in order to evaporate the water that is more easily available
on the surfaces of leaves or branches).
• Second, because the forest is more deeply rooted, it has a greater potential soil moisture reserve (which
secures its water supply when evaporation exceeds rainfall). A greater reserve allows more evaporation
during the summer months, and therefore lower flows in autumn that start later in the season due to the
larger amount of water taken up by the soil.
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If a classic sequence of rain events for a hydrologic year in temperate climate is considered (Cosandey and
Robinson, 2000), the forest delays the resumption of flows at the start of the rainy season, because the soil
moisture reserves have been depleted by the trees during the dry season. Of course the delay is accompanied
by a decrease in runoff. The forest also reduces winter flows directly, due to the direct evaporation of part
of the precipitation that is intercepted by the canopy and does not reach the soil. Such higher winter
evaporation naturally depends on the type of vegetation - a heath with broom growing on it is likely much
more efficient than a broad-leaved forest.
Evaporation during the summer period (when evaporation demand exceeds rainfall) is dependent on the
available water (precipitation plus the soil water storage). Interception has no impact on precipitation, or
on soil water storage, and so it does not change the values for evapotranspiration during the summer.
The resulting interception losses, therefore, have an effect on flows only during the winter period and can be
estimated only within that framework.
When a forest is cut, the estimation of evaporation before and after the cut should make it possible
to estimate the differences between a forested catchment and an unforested one, and therefore the impact
of interception losses on runoff.

EXPERIMENTAL SET-UP
Three small catchments on granite in the Mount Lozère Experimental Research Basin (ERB) have been
monitored since 1981. These are the spruce-forested Latte (0.195 km2), the beech-forested Sapine
(0.54 km2), and the grazed-grassland Cloutasses (0.81 km2). The slopes there are moderately steep approximately 12° (Latte), 18° (Sapine), and 10° (Cloutasses). The Latte catchment (Fig 1) was the most
closely observed catchment, as 80% of its surface was clear-cut of its spruce forest from 1987 to 1989.
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Mediterranean Sea (80 km)

Schematic of Mount Lozère Experimental Research Basin.

At between 1100 and 1500 metres in elevation, the Mount Lozère ERB has a mediterranean climate
with mountain characteristics. The mean temperature at 1300 m is 6.9°C. Mean annual precipitation is about
2000 mm, and ranges between 1100 and 3500 mm. Rainfall can be very intense, especially in autumn during
“cévenols” events; for example on the Latte catchment, maximum 30-minute rainfall intensities reached
179 mm h-1 on 28 August 1999 and 131 mm h-1 on 22 September 1993. On the average, the soils and
superficial deposits are from 60 cm (Sapine) to 70 cm (Latte and Cloutasses) thick. Filtration rates for the
soils as determined in simulated rain conditions range from 78 to more than 123 mm h-1 under undisturbed
vegetation and for well-protected soils (Cosandey et al., 1990).
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METHODOLOGY
The method is based on the water balance equation calculated during the “excess water period”, when
rainfall exceeds atmospheric water demand (what is called “hydrologic winter”, usually -but not alwaysfrom October to April). It is known that during the hydrologic winter (defined by R>Pe), the equation may
be expressed as:
R = D + Ae + ∆S
Where:
R = measured rainfall
D = measured runoff
Ae = actual evaporation
Pe = potential evaporation (calculated with Turc formula; Turc, 1961):
∆S = ∆Ru + ∆Rh
with ∆Ru soil moisture storage (function of soil characteristics and depth of root development)
and ∆Rh groundwater storage (deduced from beginning and end-of-period baseflow and the recession curve).
In the following study, the thin soils prevent the vegetation from developing a very deep root system, so
there is very little difference in the soil moisture storage. This difference has been estimated at 20 mm
(100 mm for the forest and 80 mm for heath/grassland). These reserves probably were somewhat depleted
when the forest was cut, at least during the two years following the cut. Because these values are somewhat
arbitrary, they do constitute a source of uncertainty in the following developments. If the estimated
interception losses are taken into consideration, however, the magnitude of the uncertainty is negligible.
From the basic equation, the following calculation of Ae is obtained for the duration of the hydrologic
winter:
Ae = R - D - ∆S
This calculation of Ae is done for the two basins. The problem, well known, is that the value of Ae is the
residual term of the calculation, which includes errors in rainfall and runoff storage measurements. For this
reason, not the values themselves, but only the ratio between the values is taken into account, according
to the “comparative basins method”. This method reduces the error concerning rainfall (which is quite
the same for the two basins, and has no consequence on the difference of Ae estimation) and the error
concerning runoff, due to calibration curves, which remain the same for each basin respectively.
Of course, the forest cut didn’t change only evaporation (with respect to evaporation of intercepted water).
It also affected plant transpiration, although we are operating here on the hypothesis that plant transpiration
can be ignored during the months of winter dormancy, especially given the low temperatures involved.

RESULTS
Differences in Ae, attributed to differences in interception losses, were estimated over a period of twelve
years for two catchments (the heath/grassland Cloutasses, and the initially forested Latte, five years before
the cut; then seven years after the cut during the summer of 1987). The results are shown in Tables 1 and 2.
There are two preliminary remarks:
1) Values of Actual evaporation are higher than values of Potential evaporation computed using the Turc
formula (from local data). The Turc formula is not the best for Pe estimation. But there is insufficient
data for Penman’s equation and the Pe values are taken into account only for the winter season. Even if
the Turc formula tends towards low values, it seems that interception losses are effective even on the
grazed heath/grassland catchment and can probably be explained by the presence of broom plants and
clumps of trees.
2) The wide range of values is difficult to explain, even if they are clearly in relation to Pe values. It is clear
that measurement errors both on rainfall and runoff play a role; but as seen above, the consequences are
negligible.
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Table 1: Actual evaporation (mm) in the two basins for the whole period
(see Table 2 for details).
hydrologic winter

Ae Cloutasses

Ae Latte

82/83
83/84
84/85
85/86
86/87
87/88
88/89
89/90
90/91
91/92
92/93
93/94
94/95
95/96

555
349
463
121
348
504
300
538
226
447
457
328
488
347

671
456
572
198
499
394
283
498
198
444
475
347
470
276

Ae Lat - Ae Clout Ae Lat / Ae Clout
-116
-107
-109
-77
-151
110
17
40
28
-3
18
-19
18
71

1,21
1,31
1,24
1,64
1,43
0,78
0,94
0,93
0,88
0,99
1.04
1,06
0,96
0,80

Table 2: Data for Ae calculation.
Latte Basin
hydrol.
D
R
∆S Ae Latte
winter (mm) (mm) (mm) (mm)
82/83
1500 2269
98
671
83/84
874 1490
160
456
84/85
1455 2150
123
572
85/86
840 1310
272
198
86/87
1273 1890
118
499
87/88
1959 2608
255
394
88/89
624 1065
158
283
89/90
752 1384
134
498
90/91
950 1280
132
198
91/92
805 1380
131
444
92/93
1185 1798
138
475
93/94
1690 2216
179
347
94/95
1369 2012
173
470
95/96
2797 3227
157
273

hydrol.
winter
82/83
83/84
84/85
85/86
86/87
87/88
88/89
89/90
90/91
91/92
92/93
93/94
94/95
95/96

Cloutasses Basin
D
R
Ae Cloutasses
∆S
(mm)
(mm)
(mm)
(mm)
1513
2184
116
555
1018
1490
123
349
1452
2052
137
463
1049
1310
140
121
1221
1738
169
348
1925
2608
179
504
620
1065
145
300
720
1384
126
538
934
1276
116
226
826
1392
119
447
1194
1769
118
457
1754
2216
134
328
1386
2012
138
488
2760
3227
120
347

In order to determine the impact of the forest cut on interception losses, we can take a look at the evolution
in the ratio between Ae in the two basins before and after the cut. Fig 2 shows that after the cut, the ratio
between evaporation in the two basins, which was larger than 1 before the cut became less than 1 after.

DISCUSSION
Before the cut, interception losses were higher in the spruce-forested Latte catchment than in the Cloutasses
catchment. There was a large decrease in interception losses during the winter that followed the cut,
explained by the reduction in evaporating surface area: more than a third of the trees were cut and, although
debris from the cut was strewn over the ground, there was no plant colonisation to cover the deforested areas.
Under these conditions, it is not surprising that interception losses were lower than in the heath/grassland
catchment.
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The situation rapidly changed, however. By the following summer, abundant herbaceous (great willow herb)
and shrub (raspberry bush) vegetation had developed; nowhere was bare ground to be found. By the second
post-cut winter, the deforested catchment’s behaviour was similar to that of the heath/grassland catchment,
even though cutting operations had resumed in an area where tree growth was less successful. The behaviour
remained similar even though some very small trees were planted (very slow growth in the difficult climatic
conditions, so their impact was still very limited).

CONCLUSION
This study was based on a certain number of hypotheses and rough calculations. In particular, it is clear that
using water balances involves the risk of accumulating errors in data measurements (principally rainfall and
discharge). Comparing neighbouring catchments is a way to reduce this type of risk, however, especially
since it makes it easier to take any possible impact of climate variability into account.
Beyond such uncertainty, we felt that it was of interest to give further thought to the hydrologic processes
that bring about lower flows under forest cover. Once a higher level of evaporation during the winter period
was identified on the forested catchment, and it was ascertained that it could be due only to losses
by interception, it became easier to understand why the overall increase in runoff that was observed after the
cut only affected minor floods. During the ”cévenols” rainfall events, the amount of rain and the depth
of runoff can be enormous – and the effects of interception losses become negligible. The same cannot be
said of a relatively light rainfall event. In that case, the depth of runoff measures only a few millimetres, and
can therefore be heavily influenced in terms of relative value by a reduction in the effective rainfall due to
the interception of part of the rain by the plant cover.
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MOUNTAINS, CZECH REPUBLIC
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ABSTRACT
The study deals with analyses of long-term snow measurements performed in the upper parts of the Jizera Mts.
in Northern Bohemia, Czech Republic. The main task is to determine the amount of snow storage in forest based
on measurements in open areas. Data from selected pairs of snow profiles in the open area and in the forest,
simultaneously measured in the same locality, were tested to prove the homogeneity of measured data and
to establish the relationship between snow storage in an open area and in a forest. It was found that:
i) the relationship can be defined by means of linear regression (correlations for all profiles are significant);
ii) the parameters vary with the site of measurement (profile) and accumulation or melting period, respectively.

Keywords snow measurement, snow water equivalent, forest and open area, Jizera Mts.
INTRODUCTION
Data of snow depth and its water equivalent in winter seasons are very important sources for the estimation
of water storages in basins. This information is gained from the network of precipitation and climatological
observation stations that, for historical and pragmatic reasons, are all situated in open-area localities.
None of them measure the depth of snow cover and its water equivalent in forested areas, though most
of the areas where floods are generated lie predominantly in forested regions. The observation-based
experience proves that the regime of accumulation and snow cover melting in forested regions differs
significantly from the regime in non-forested regions, both in time and space. Especially during snow
melting periods there are often considerable differences. To take the different type of land use into account
it is necessary to quantify these differences.
In the territory of the Czech Republic and Slovakia several empirical research studies were conducted,
mainly in the Moravian and Slovakian mountains, to estimate snow cover variations in forests, differences
between the snow regime in deciduous and coniferous canopy, and the areal distribution of snow
in watersheds (Babiaková and Kozlík, 1969; Zelený, 1965, 1975; Kantor, 1975). In Bohemia, water snow
storage was examined in small basins for water management prediction for reservoirs (Turčan, 1977; Barták,
1978, 1995; Chamas, 1981). The different results of these snow measurements pointed to the necessity
of paying more attention to the execution of paired snow measurements – in forest and open area in the same
locality – considering the regional topography, altitude and vegetation cover. This would enable
the systematic and consistent quantification of differences in measured data. The final goal of this effort is
to use this acquired knowledge for the innovation and improvement of hydrological forecasting procedures.
Therefore in the last two decades, detailed snow studies were performed at the Experimental Base of the
Czech Hydrometeorological Institute in the Jizera Mts. (Hladný et al., 1999). The data were evaluated,
analysed and mutually compared (Stehlík et al., 2000). The main goal of this paper is to derive
the relationships between the snow water equivalent in forest and open areas.

STUDY AREA AND METHODS
The Jizera Mts. (altitude 750-1085 m) are situated in Northern Bohemia, and are one of the European regions
highly affected by atmospheric deposition. As a result the monoculture spruce forest was damaged and
started to die. The 7 watersheds (areas of basins vary from 1.87 to 10.6 km2) included in the Czech
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Hydrometeorological Institute Experimental Base lie in the upper part of the mountains close to the
watershed divide; 5 on the southern slope and 2 on the northern slope (Fig 1).

Fig 1:

Location of the studied basins and snow profiles in the Jizera Mts.

Time series of snow measurements performed both under trees and on clearings are available. The position
of the profiles is given in Fig 1. The aim of measurements concentrates on two topics: to establish
the relationship of areal distribution of snow to altitude and to determine the differences in snow
accumulation and snow melting in forests compared to open areas. The number of selected measured
localities is influenced by the character of the winter season, i.e. it varies due to the duration of the snow
cover and its depth, as well as the accessibility to profiles. Usually 15 to 26 profiles are regularly measured
in weekly time intervals, which also includes the paired profiles measured in 8 localities (Hladný et al.,
1999). The beginning and the end of the winter monitoring season depends on snow cover formation and
melting. The beginning usually starts in November or in December and continues to the end of March
or to mid April.
The measurements of snow depth and its water equivalent are performed in snow profiles by a weighing
snow sampler. The profiles were chosen to be easily accessible from the road but far enough not to be
influenced by wind effects. The profiles are 15 to 20 meters long, at the beginning and at the end marked
by poles in order to be easily located in the open terrain, in the forest marked by coloured triangles.
The snow depth is surveyed at 10 points, at 3 of them the density of snow is also measured. The depths
of snow are read on the centimetre scale on the outer side of the sample tube; the density is derived
from the weight of the samples evaluated with a digital weighing instrument.
The period 1991-1999, when the snow measuring network became already stabilised, was chosen
for the analyses. The data analyses include homogeneity testing, assessment of altitude influence on snow
water equivalent (SWE), and the quantification of differences between snow cover accumulation and melting
in open space and in forested environments where sufficient data are available. In the profiles listed
in Table 1, paired profiles are selected which have enough measurements to be statistically evaluated
concerning the relationship between forest and open area SWE.
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Table 1: The description of the selected paired snow profiles.
Locality

Profile Clearing
No.
or forest

Uhlířská
Uhlířská
Kristiánov
Kristiánov
Jezdecká
Jezdecká
Hřebínek
Hřebínek
Kasárenská
Kasárenská
Černá Nisa
Černá Nisa
Bílé Buky
Bílé Buky
U Podkovy
U Podkovy

1
2
16
17
20
21
9
10
33
34
4
5
12
13
14
15

Altitude Exposition
(m)

clearing
forest
clearing
forest
clearing
forest
clearing
forest
clearing
forest
clearing
forest
clearing
forest
clearing
forest

775
780
805
795
775
780
825
830
920
930
820
830
900
905
875
875

South
South
West
South West
South West
South East
West
East
South
South
South East
South
South West
South West
South West
South West

Slope
%

Species of vegetation

0
0
3
10
3
5
1
2
5
3
7
1
6
6
5
5

calamagrostis villosa
Spruce
calamagrostis villosa
Spruce
calamagrostis villosa
Spruce
calamagrostis villosa
Spruce
calamagrostis villosa
Spruce
calamagrostis villosa
Spruce
calamagrostis villosa
spruce, beech
calamagrostis villosa
Spruce

Age
Crown
(years) Density
%
70

70

50

65

70

60

70

55

30

80

40

55

80

70

70

70

RESULTS AND DISCUSSION

snow water equivalent [mm ] - fore

As mentioned above, snow profiles in the Jizera Mts. are partly measured in so-called ”pairs”, i.e. in the
forest and on clearings (open space) in close proximity to each other. The homogeneity testing proves that
the double mass curves are more or less without large deviations, both for the period of snow accumulation
and snow melting. An example for the profile Jezdecká is given in Fig 2.
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Fig 2:

Double mass curve of the SWE for the profile Jezdecká (No. 20 and 21).

In Table 2, the selected profiles are statistically evaluated concerning the relationship between the forest and
open area SWE. In three cases the number of measurements is sufficient to divide the winter seasons
into two parts: January-February (accumulation) and March-April (melting). This rough division was
introduced due to the fact that air temperature (which could be a better criterion) was not measured
in the observation period.
For each paired site the parameters of the linear regression between the SWE in forest and SWE in open area
were computed:
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SWEforest = a + b * SWEopen_area

(1)

The results are listed in Table 2. All correlation coefficients between the SWE in forest and in open areas are
significant at the 0.05 % level. The division into winter subseasons makes it easier to interpret the results
of the analyses (see below for the profile Jezdecká). However, the results for the whole winter season are
also included because they make it possible to derive the snow storage in the forest based on measurements
in the open area in the given locality. From Table 2 it also follows that the parameters differ from site to site,
and that it would be difficult to derive one equation (relationship) even for such a relatively small region.
In most cases there is also considerable uncertainty in the coefficients of regression (especially the intercept
value) – see the upper and lower 95 % intervals for both regression coefficients.
The correlation coefficients between the SWE in open areas and in forests are not significantly related
to the geographical conditions or vegetation characteristics of the profile (altitude, slope, age and crown
density). The influence of the geographical and vegetation parameters on the regression coefficients
is difficult to interpret because one has to differentiate between the period of accumulation and snowmelt,
and only three profiles provide enough measurements for such analyses. Data from more profiles will be
analysed in the future to clarify this question.
Table 2: Parameters of the dependence between the snow water equivalent (SWE) in open area and
forest in the paired profiles in the Jizera Mountains (SWEforest = a + b * SWEopen_area).
Pair profile

Uhlířská

Time period
in winter

whole season
Jan. and Feb.
Mar. and Apr.
Kristiánov whole season
Jan. and Feb.
Mar. and Apr.
Jezdecká
whole season
Jan. and Feb.
Mar. and Apr.
Hřebínek
whole season
Kasárenská whole season
Černá Nisa whole season
Bílé buky whole season
U podkovy whole season

No. of
measurements
74
35
13
59
30
16
68
33
24
32
26
20
21
21

r
correl.
0.900
0.902
0.896
0.899
0.938
0.881
0.852
0.907
0.822
0.942
0.892
0.864
0.916
0.891

A
expectance
38.427
34.689
80.983
-3.460
-9.570
58.526
41.74
-16.987
184.17
-5.448
18.895
-3.629
-16.603
15.035

Lower
95 %
22.34
16.720
26.600
-28.270
-31.180
-3.723
7,934
-53,446
136.865
-30.729
-47.125
-53.992
-74.208
-57.432

b
upper
95 %
54.510
52.658
135.367
21.350
12.038
120.775
75,546
19,471
231.476
19.833
84.915
46.734
41.001
87.502

expectance
0.703
0.645
0.706
0.847
0.756
0.757
0.880
1.054
0.523
1.001
1.261
0.739
1.005
0.848

lower
95 %
0.623
0.535
0.474
0.738
0.648
0.524
0,745
0,871
0.363
0.874
0.992
0.526
0.794
0.589

upper
95 %
0.783
0.754
0.938
0.956
0.864
0.990
1,014
1,235
0.683
1.141
1.531
0.953
1.216
1.106

The profile Jezdecká (points 20 and 21 on Fig 1) was chosen for a detailed presentation. The course
of the SWE in the winter season 1996 is presented in Fig 3, where the accumulation role of forest
in the spring period is demonstrated. In Fig 4 the relationship between the SWE in the forest and in clearings
for two winter subseasons is demonstrated. The results can be interpreted as follows: the lines in the figure
have different slopes and different intercept values for each sub-season. From the intercept value for the
period of snowmelt (Table 2) it follows that in spring more snow is preserved in the forest than in clearings.
When the clearings are already free of snow, snow storage in the forest still remains with an expected value
of 184.17 mm. The results for the accumulation period substantiate that the snow accumulates earlier
in the open areas than in forests (negative intercept). The interpretations for the profiles Uhlířská and
Kristiánov can also be done from the values in Table 2. Detailed results for both profiles were reported
in Stehlík and Bubeníčková (2002).
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Relationship between the SWE in forest and in open area in the profile Jezdecká (divided into two
sub-seasons).

Usually altitude is considered to be one of the most significant parameters influencing snow depth and SWE
- when the set of stations covers a sufficient range of altitudes. However this is not the case for stations
in the Jizera Mts. The minimum snow profile altitude is 775 m, the maximum one is 985 m. The statistical
significance of the relationship between altitude and SWE was tested on the level α= 0.05. The average
correlation coefficient from a total number of 47 cases is 0.448, and only 8 from 47 relationships are
statistically significant.
Results presented in this paper have shown that the relationship between the SWE measured in open areas
and in adjacent forests is significant in all analysed profiles. These equations could serve to estimate
the snow storage accumulated in the forest based on the measurements in clearings in a given locality.
However, the form of the relationship (regression equation) reveals high variability even in such a relatively
small research area, and therefore it is not possible to derive one general equation for a given region.
Data from more profiles will be evaluated to try to relate the regression parameters to the geographical and
vegetation conditions.
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ABSTRACT
A hydrological approach to the evaluation of erosion and water transport processes contributing to sediment
supply in a river system was developed on the basis of rainfall data (analysed as an erosive factor) and sediment
transport data in the channel. The small basin Valle della Gallina (Chicken Valley, 1km2) is located in the Alpine
region of Piedmont characterised by a Mediterranean climate. Since 1982 it has been equipped with
a sedimentary station at its outlet where in-channel transported sediment is trapped in a concrete pool, sediment
volume and grain size are measured (mean sediment yield 39 m3/year; D50 ranging from 16 to 1mm) and related
to water discharges. The sediment collected in the concrete pool is delivered by flowing water as bed load
transport of materials detached by breaking up and weathering of bedrock (volcanic rhyolite) and azonal soils;
suspended load is irrelevant due to soil texture (coarse sand is dominant). In a 10-year period 1991-2000,
the erosive rainfall events which exceeded a threshold selected by a standard rainfall depth of 12.6 mm
throughout the event were singled out from the total amount of precipitation (mean 1390 mm/year).
A correlation analysis was performed by comparing the annual sedimentation amounts measured in the concrete
pool at the outlet of the basin with corresponding pluviometric values of annual rainfall and erosive rainfall,
number of erosive events, number of rainfall hours, mean erosive rainfall intensity and precipitation erosive
factor. Statistical results indicate that in-channel sediment delivery is equally affected by annual rainfall and total
erosive rainfall/year calculated following the standard erosive threshold of 12.6 mm/event and by erosive rainfall
duration. In fact, longer rainfall duration is considered to be able to lead to sediment discharge of event
transportable materials even without surface drainage continuity to the main channel.

Keywords bed load transport, headwater erosion, rainfall erosive factor, sediment grain-size, Italian
Alps

INTRODUCTION
This study is part of a wider research activity on sediment mobilisation and transport conducted by the
Research Institute for Geo-Hydrological Protection in areas equipped and managed since the late 1970s
on small basins in the Alpine and Apennine regions of the upper Po hydrographic network (Caroni and
Tropeano, 1981; Tropeano, 1983; Anselmo et al., 1987; Caroni et al., 2000).
It is known that a pluviometric threshold must be reached, above which soil particles are mobilised, detached
and carried away by water erosion. The data from 30 years of measurements in many regions of the USA
show that cumulative effects of moderate storms and occasional severe storms should be considered in order
to estimate average annual soil loss. The erosive capacity seems to be determined by a rainfall height
of at least 12.6 mm throughout a given rainfall event (Wischmeier and Smith, 1978). After studies
on 18 representative catchment basin in the Apennine region of Central Italy, accelerated soil erosion was
noted as the main source of sediment transport in the rivers (Farroni et al., 2002).
Experimental studies following lithological, geomorphological and pedological surveys of the Valle della
Gallina basin were carried out by field measurements on 7 slope plots and 2 small watersheds (1976-1979).
Since 1982, the studies have focused on sediment yield measured by a sedimentary station located at the
basin outlet.
Lithological uniformity of the rocks making up the basin and climatic uniformity of the area constitute
homogeneous factors that are important for the analysis of erosion and transport processes associated
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with water as concerns the typology of the rock present (rhyolites), geomorphological evolution (dominant
erosion), and azonal soil development.
The data from soil erosion measurements in the sample areas (Caroni and Tropeano, 1981) have shown that
slope erosion processes differ, especially depending on the vegetation cover: the rate of erosion on bare soil
at the head watershed was 6 mm/year, on grass it was 0.2 mm/year, and no erosion was observed in wooded
areas. Depending on the soil texture, the rainfall erosive threshold values were found to range between 4 and
10 mm/hour, regardless of the duration of the event. Sediment transport measurements in the channel have
shown that bed load sediment is mobilised at peak flow thresholds of 0.11 m3/s and 0.33 m3/s respectively
for sand and gravel sized sediment (Anselmo et al., 1987).
In addition to the investigation of relationships between sediment delivery and water discharge at the outlet
of the basin, which has been carried out since 1982, the investigation of the relationships between rainfall
and sediment supply has started. This work presents the first results of correlation analyses (conducted at the
scale of a surface drainage system) between sediment delivery data and rainfall data considered erosive
(equal to or greater than 12.6 mm/event).

STUDY BASIN
The Valle della Gallina basin is located at the Alpine border of north-western Italy, in a mountainous
transition zone between the Alps and the upper Po plain. The basin is defined by a dense dendritic drainage
network (52 km/km2) cutting down to bedrock made up of igneous, volcanic and rhyolite rocks.
The main channel is 4 m deep and 5 m wide at the basin outlet.
Since 1982, a rainfall gauging station has been operating in the watershed at 380 m altitude; the basin outlet
(330 m a.s.l.) is equipped with a hydrometric station and a sedimentary station to measure sediment delivery
volumes and grain sizes related to the water discharge. No man-made works are present.
Table 1: Characteristics of the Valle della Gallina experimental basin.
Area
Lithology
Altitude (max - min)
Inclination (mean)
Soil cover (azonal soils)
Soil dominant grain sizes
Vegetation cover
Temperature (mean 1982-1989)
Precipitation (mean 1982-2000)
Runoff (mean 1982-2000)
Discharge (mean 1982-2000)
Peak flow max (19 Sept. 1995)
Sediment trapped (mean 1982-2000)
Sediment trapped grain size range

1.09 km2
volcanic rhyolites
522 - 330 m a.s.l.
49 %
99%
2 - 0.25 mm
77%
11 °C
1300 mm/year
750 mm/year
0.02 m3/s
6.44 m3/s
39.0 m3/year
128-0.06 mm

The characteristics of basin morphology and hydrology are shown in Table 1 and Fig 1.
The basin is located in a rainy part of the Italian Alpine region, with heavy rains and extensive soil erosion.
The region has high daily rainfall values (some of the highest recorded maxima in Italy). For example,
a rainfall intensity of 300 mm/day was exceeded twice in the period 1913-1978 (Anselmo, 1984). Rainstorms
are frequent during the summer. The pluviometric monthly regime of the basin was classified within the
Mediterranean climate system of the continental type and is characterised by two maximums, the first
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in spring and the second in autumn, with the principal minimum in winter (Caroni, 1979). According to the
map of the Fournier index distribution band (Fournier, 1960) adapted for northern Italy (Maggi et al., 1998;
Briggs and Giordano, 1990), the pluviometric variability in the basin, based on annual rainfall data,
is in the transition zone between moderate and high classes (Fig 1).

Valle della Gallina experimental basin

0

Fig 1:

50Km

Valle della Gallina experimental basin shown on the pluviovariability index map of the Alpine
hydrographic system in north-western Italy (after Maggi et al., 1998, modified). On the right:
drainage network of the basin from aerial photographs; the arrow indicates the hydrometric and
sedimentary station in the main channel at the outlet of the basin.

Closely related to the pluviometric regime, the discharge regime follows rain showers with a delay of about
1 hour. Compared with mean annual discharge (0.02 m3/s), some peak discharges of over 1 m3/s have been
recorded every year, with a maximum peak value of 6.44 m3/s in 1995.
Soil and vegetation cover
Soil cover is present on 99% of the basin area; it consists of lithosol and regosol with a rare clayey matrix.
A study of the soil composition and erosion processes conducted by Biancotti (1981) described widespread
phenomena of physical disaggregation of the outcrop, which were associated with landforms of accelerated
erosion, and which limited pedogenetic development.
In 1992, the soil texture was characterised from 57 manual borings on the entire basin area with a collection
of samples down to the bedrock surface at depths from 0.2 to 2.2 m. The grain size distribution showed that
in 77% of cases the dominant grain sizes are sand (between 2 and 0.25 mm of the modal class), in 14%
dominant muddy-clayey sizes were found, and in 9% gravely sizes (Bellino and Maraga, 1995).
Erosive processes in the watershed, which supply sediment to the drainage system, occur as sheet and rill
erosion, beginning at the head of the basin (from gullies several centimetres to several meters deep, from
a dense dendritic network incised to the bedrock) down to the main channel.
Vegetation consists of mature broadleaf woods with occasional evergreens. It starts from the middle slope
and continues down to the valley bottom and the banks of the water courses, covering 77% of the area.
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The watershed features and the main channel at the hydrometric and sedimentary station at the basin outlet
are shown in Fig 2.

Fig 2.

Valle della Gallina experimental basin. On the left: head watershed in winter showing the erosion
effects on the watershed divide. On the right: view of the hydrometric and sedimentary station
in the main channel at the basin outlet in winter.

Sediment transport
The hydrometric station at the basin outlet was set up to trap sediments transported by water.
The trap consists of a pool set into the channel (5 m wide) lined with concrete on the bottom and the banks,
extending 8 m upstream from the hydrometric section, with a capacity of nearly 40 m3. On the pool border
longitudinal walls, 32 metallic markers were installed to periodically measure the transverse sections
of accumulated sediment which are used in calculating the sediment volume. The pool is usually cleaned
manually or with a mechanical hoe, depending on the amount of sediment to be removed, with occasional
grain size sampling. So far, the pool has been able to contain the transported material between cleanings.
The sediment delivered to the outlet of the basin is produced by bed load transport processes.
It is represented by component fractions having the same grain sizes as the detached parent rock fragments
which generate the soil. The sediment ranges in size from rare and occasional boulders (about 300 mm),
frequent gravel (with modal class at 16-8 mm), to sand and silt, depending on the peak discharges and
sediment transport pulses during the event (Govi et al., 1993).
Since 1982, correlation analyses between discharge and sediment supply have shown that transport occurs
with discharges above the threshold of 0.11 m3/s, moving coarse sands. The trapped volumes are also related
to water volumes over 500,000 m3 (Maraga et al., 2000). The grain sizes increase with peak discharges,
whereas the sediment volumes trapped in the sedimentary pool increase with the water flow volumes
produced by the rainfall event. However, sediment delivery is related to the sediment recharge in the channel
reach upstream from the sedimentary pool (Godone and Maraga, 1992).
Sediment suspension sampled during a flood with a peak discharge of 1.1 m3/s showed a mean concentration
of 0.17 g/l (Anselmo et al., 1982), which was considered moderate, allowing for a reasonable estimate
of sediment transport from only the sediment collected in the trap. The sedimentary pool with trapped
material and the grain size zone from 27 grain size analyses, based on samples of different amounts
(4 to 1540 kg), is shown in Fig 3.
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Fig 3.

Valle della Gallina experimental basin. On the left: sedimentary pool showing filling condition in
November 1992, during the manual cleaning. On the right: grain size zone determined by 27 grain
size sample cumulative curves.

EROSIVE RAINFALL FACTOR
To correlate sediment delivery with erosive rain, the study started from the annual sediment volume yield
and hourly rainfall data collected during the 10-year period 1991-2000.
In the present study, we adopted the criterion of calculating the annual erosive rain total from single erosive
rainfall events (the event amounts were summed to form the annual total). The erosive rainfall events
with amounts equal to or greater than 12.6 mm (standard erosive rainfall threshold) were selected for each
year. For each erosive rainfall event, the Factor of Precipitation Erosivity (R) was calculated in accordance
with the Universal Soil Loss Equation (USLE) for soil erosion estimation, as described in Wischmeier and
Smith (1978). The Precipitation Erosivity Factor (R) is determined as follows:
R = E I30 (MJ mm)/(ha hour year)
where:
- E is the energy of the event, a function of the quantity and intensity of rain distribution. It is obtained
by adding the energy values relative to each constant precipitation intensity interval;
- I30 is the maximum intensity of rain in an event for a duration of 30 minutes. It is obtained by dividing
the hourly rainfall values.
A statistical analysis of the correlation between transported sediment and related rainfall was applied
to the variables reported in Table 2, using an Excel programme which calculates the correlation index (ρ)
on the basis of covariance.

RESULTS
For the 10-year period (1991-2000), the rainfall amounts were compared with the sediment volumes
recorded at the Valle della Gallina basin outlet as an indirect assessment of erosion and sediment source
in the basin.
The correlation index is ρ > 0.69 for relations between sediment volumes and total annual precipitation, total
erosive rainfall (standard erosive rainfall threshold at 12.6 mm), number of erosive events and Erosive Factor
(R). Best correlation was found between sediment delivery and total annual precipitation (ρ=0.86), total
erosive rainfall (ρ =0.84) and number of erosive rainfall hours (ρ = 0.79).
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The time series of the studied variables show a clear peak in the years 1994, 1995 and 1996, particularly
for sediment volume delivery. The abnormality in the temporal trend for all variables during those years was
found to correspond with a series of rainy years in the western Alpine region (for example the year 2000),
which could signal a similar series input (Figs 4, 5).
In the study basin, the peak flows with sediment transport were generated by rainstorms. Appreciable
changes in the bed form of the channel were observed during events with sediment trapped in the
sedimentary pool. Channel depth variations on the order of 0.5 m generated by sediment supply or bed
erosion were observed. Because these highs and lows have been interpreted as a wave translation pattern
in the sediment bed load transfer, it appeared logical to conclude that sediment supply by headwaters
from small watersheds, whose development times are unknown, could play a role in this process.
To better appreciate the interdependence between sediment delivery in the hydrographic system and rainfall
events, the statistical analysis will be widened according to two statistical approaches. One approach will
develop on a time scale of 20 years (1982-2002) the same correlation of annual variability to show any
recurrent anomalies. The other approach will search for new variables that may influence on an hourly and
daily scale the single rainfall events associated with corresponding sediment transport events in the main
channel at the outlet of the basin.

Table 2: Data set for the correlation analysis between sediment delivery and rainfall
with relative correlation index value (ρ).
Rainfall

Hours

Intensity
(mean)

Total

Events

Hours

Intensity
(mean)

Intensity
(mean)

Erosive
factor

m3

mm

no.

mm/h

mm

no.

no.

mm/h

mm/event

R

1991

34.0

1334.2

740

1.8

1072.6

28

425

2.5

38.3

427.5

1992

23.1

1297.6

881

1.5

1004.2

30

442

2.3

33.5

434.7

1993

18.9

1217.6

959

1.3

957.6

20

475

2.0

47.9

496.0

1994

70.0

1717.2

995

1.7

1434.8

37

601

2.4

38.8

623.7

1995

55.3

1379.2

993

1.4

1129.6

37

550

2.1

30.5

542.3

1996

57.1

1461.6

1131

1.3

1065.6

33

538

2.0

32.3

408.2

1997

12.5

1065.4

711

1.5

757.4

22

293

2.6

34.4

325.6

1998

39.5

1336.8

714

1.9

1017.2

31

367

2.8

32.8

424.0
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11.4

1394.0

855

1.6

1040.2

31
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2.4
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451.0
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65.0
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1047

1.6
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31
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2.5

43.3

567.8

0.8
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M. Soukup, E. Pilná, H. Baběradová
Research Institute for Soil and Water Conservation, Prague, Žabovřeská 250, 156 27 Prague 5–
Zbraslav, Czech Republic. Phone: +420-2-5792 1640, e-mail: soukup@vumop.cz, pilna@vumop.cz

ABSTRACT
Drainage runoff, precipitation, soil moisture regime, underground water level and piezometric pressure were
studied on drained soils located in the upper part of the Cerhovický stream catchment (Central Bohemia) for the
period 1979-2001. The aim of the study was to evaluate the influence of the soil layers on drainage runoff.
Drainage runoff is a component of the hydrologic balance of a drained agriculturally used watershed.
The drainage system, first of all, creates drainage runoff and thus affects the soil moisture regime at both the soil
profile and at a particular locality. The regulating systems to control drainage runoff were worked out
(see Soukup and Kulhavý, 2000; Soukup et. al., 2001). The system of piezometers consists of 20 piezometers
placed in two rows parallel to the drain tube. The piezometric heads and the soil moisture regime were analysed
in the relatively wet years 1987, 2001 and dry years 1988, 1999. Any layer of the soil can be considered as
an underground reservoir partly connected with the neighbouring layers to which it can pass water. Some layers
take part in the water circulation process in an active way while others probably act as insulators. Monitoring
proves that the circulation unsteadiness is higher in the deeper layers of the drainage system constructed
in a sloping terrain. The measurement results show that changes in piezometric heads vary in the different layers
of the drained profile and in its substrate layers. The results of the soil moisture regime measurements in the
pairs of selected years prove the effect of the inserted retardation elements, particularly during the periods when
the soil moisture is changing significantly.

Keywords drainage runoff, soil moisture regime, agricultural catchment, hydrologic balance
INTRODUCTION
This study is directed at an evaluation of the influence of agricultural drainage on the water regime of soils.
The aim of the study was to assess the dynamics of the moisture regime of soils drained by the classic way,
i.e. without regulation, and with regulation of drainage runoff.
Water streaming in the drained soil profile is usually simplified in theoretical works, and authors generally
introduce so-called simplifying preconditions (e.g. the Dupuit-Forcheimer precondition). Computer
processing enables now to “reject” some established preconditions, and so it is possible, while calculating
water streaming to the drains, to define for instance the layers that participate in water streaming. It will
always be necessary, however, to compare the results of theoretical approaches with the values measured
in the field. The theoretically experimental approach was used for instance by Švihla (1984) to resolve
the hydrological balance of a small drained catchment. We proceeded similarly while evaluating
the piezometric pressures measured on the drainage system in the Cerhovický stream catchment where
we attempted to clarify the origin of drainage runoff by means of a piezometric system installed
on the drainage network.
Precipitation, surface and drainage runoff and further economic and physical aspects were monitored in the
long term in the experimental catchment of the Cerhovický stream (district Beroun) that has a character
of an agricultural and forested catchment from the point of view of land use. The catchment belongs to the
Central Bohemian Hills with elevations 350–500 m above sea level. The geological environment is formed
by slaty strata of the early Paleozoic. The agricultural land is farmed partly by the Agricultural Cooperative
in Záluží and partly by a private farmer. The land is partly drained by underground pipe drainage. In the year
1998 a part of the drainage system “V lukách” was equipped with flow retardation and damming elements
of the underground runoff retardation system (the PRO). The PRO system was designed by VÚMOP Prague
(Soukup et al., 2000).
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The purpose of the long-term monitoring of partial elements of the hydrological balance in this catchment
was to evaluate the influence of drainage as a melioration measure, both on the water regime of soil and
on the environment, namely on the quality and quantity of waters (e.g. Švihla, 1991; Soukup et al., 2000).

METHODOLOGY
Pairs of approximately equal years for a wet and a dry period were chosen from a sequence of 21-year long
observations of precipitation and runoff from the Cerhovický stream catchment (1980–2001). In this way
pairs of the years 1988/1999 were formed - representing a relatively dry period with precipitation lower than
15% in comparison with the precipitation standard from the years 1901–1950, and pairs of the years
1987/2001 - representing a relatively wet period with a positive deviation of more than 12%
of the precipitation standard. It was not the value of the deviation from the standard that was decisive
for the selection, but the greatest conformity possible of annual precipitation totals. The courses of soil
moisture, precipitation, piezometric pressure and runoff data were processed for the above-mentioned years
and periods. While precipitation, piezometric pressure and runoff were measured continuously, soil moisture
measurements were conducted in an interval of a fortnight.
Soil moisture was measured in three locations (HV2, HV4 and on the retardation drainage), always
at the drain and in the middle between parallel pipe drains. Measurements were carried out by a neutron
probe (type Troxler) at depths of 0.2 to 1.0 m, spaced by 0.1 m.
Precipitation was measured ombrographically by a precipitation gauge located in the catchment
(the catchment area before the year 1994 was 8.76 km2, now 7.31 km2). In the catchment, the stream
through-flow was measured (at the final measuring profile) and drainage runoff was measured
limnigraphically in the manholes (shafts) of three drainage groups. Piezometric heights (pressures) were
measured in two places (in a slightly sloping position marked HV2 and on the stream level marked HV4)
by a system of 20 piezometers located in parallel with the pipe drains in two rows at the drains and between
the drains at a depth of 0.8 m to 2.40 m. Six piezometers were mounted with limnigraphs in the piezometric
system HV2 and four limnigraphs in HV4 so that a continuous record was obtained.
In the first phase, a two-month period was chosen from 28 July to 31 September 1986 for the drained area
in the sloping gradient of HV2. This was a period with increased precipitation activity and the expected
reaction of the piezometric system was confirmed. The time step chosen for computer processing of pressure
changes was 1 hour. In the second phase, dry and wet periods were chosen in each year (1987 and 1988)
with regard to the drainage runoff response in which piezometric pressures were being stored in the database
in an interval of 6 hours.
The piezometers were constructed as vertical cased bores. The casings are of PVC tubes with diameter
0.04 m, they are sealed at the bottom, and at a length of 0.1 m from the bottom they are perforated over
a total area of 10cm2/dm.
Characteristics of soil and drainage system
From the point of view of soil type, the soils are brown gleied and illimerised. As far as the sort of soil is
concerned, the soils are clayey-loamy up to loamy-clayey soils the porosity of which is on average 43%,
volume weight 1.4 gcm-3, drainage porosity 5–7 %, and hydraulic conductivity in the range of 0.1 to
0.3 m-1day-1. The classical underground drainage spacing is 9 m in the surroundings of HV4, 18 m at HV2,
and 11 m with the underground retardation of drainage runoff. The depth of the collection drains is 0.8 up to
0.9 m and the leaky drains are placed at a depth of approximately 1.0 m. The drainage piping is of baked
clay. Drainage runoff was measured limnigraphically on Thompson´s measuring devices situated
in the manholes (shafts) of the drainage groups marked Š5, Š6 and Š7. From the point of view of water
streaming to the drains, the important depth is the depth of the so-called impermeable subsoil that is about
0.5 m under the drainage level in the area of HV2 and of the underground retardation of drainage runoff,
while in HV4 on the stream level there is an impermeable layer at a depth of about 2 m.
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MEASUREMENT RESULTS
The course of the drained soil profile moistures was expressed graphically for the wet years 1987/2001 and
for the dry years 1988/1999. Piezometric pressures courses were evaluated in the wet year 1987 and in the
dry year 1988. The piezograph of the dry period of the wet year 1987 (Fig 1) and the piezograph of the wet
period of the dry year 1988 (Fig 2) is represented in the enclosed pictures. Both graphs (Figs 1and 2) are
depicting the situation for the sloping position HV2.
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The soil moisture of the drained profile was expressed in percentage of volume for the depths of 0.2, 0.5 and
0.7 m. In the wet year 1987 the soil moisture on the drained land moved in the range of 28 to 50%
of volume, and was slightly decreasing during the vegetation period (with the exception of increases in soil
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moisture after intense precipitation towards the end of the month of June). The moisture at the depth of 0.3 m
was markedly higher in the level position than in the sloping position. In the level position wetting of the soil
profile occurs by water from the stream or by underground water inflow. Drainage continues permanently
but underground water contributions evidently exceed the precipitation volume. In the depth of 0.5–0.7 m
the soil humidity is, on the contrary, higher in the sloping position. In the slightly sloping position in HV2 it
is only the excess infiltrated water from precipitation that is carried away. In the dry year 1988 the moisture
near the surface of the soil was markedly lower in the level position HV4 than in the sloping position HV2.
The opposite is true with increasing depth. With increasing depth the moisture range is also reduced,
while the difference of the maximum and the minimum moisture content reached 30% at a depth of 0.2 m,
this difference was no more than 12% at a depth of 0.7 m. The course of the soil moisture content at depths
0.5 m, 0.7 m and 1.0 m for site HV2 for 1988 is depicted in Fig 3.
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In the years 1999 to 2001 soil moisture was also monitored on the retardation drainage in which
the damming element – regulator was permanently closed. During closure, the water in the regulation
element is dammed by 0.3 m and water flows over the regulator. Drainage occurs also during water
retardation, however, the runoff intensity is reduced as a consequence of water retardation. During the
summer season, water from the soil profile is extracted by transpiration and partly also by evaporation.
Due to the influence of an extreme drought in the year 2000 caused by a period of almost two months
without precipitation, the lowest soil moisture values were measured as early as by the end of June.
While in the year 1999, maximum soil moisture reduction occurred by the end of September, that is as late as
by the end of the vegetation period. Water retardation in the drainage system causes a time shift in the onset
of the critical drought period.
Pressure changes in the piezometric system (HV2 as well as HV4) were evident to the depth of 1.80 m.
The deepest piezometers (2.4 and 3.0 m) hardly react in a dry year, which means that the water of the deeper
layers does not contribute to the creation of drainage runoff. While all the layers are totally saturated, water
streaming occurs in the direction to the drains from as far as the depth of 1.8 m. The outlet branches
of the piezographs (hydrograms) that usually follow after larger precipitation were analysed
from the viewpoint of pressure change in time. However, for the time being it is not possible to evaluate
the part of pressure reduction as a consequence of the creation of drainage runoff and of the influence
of filtration. While some layers participate actively in “water circulation”, other ones act evidently as
insulators. Less permeable layers form impermeable layers from the point of view of streaming.
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The monitored situation shows the differences of climatically characteristic years (the wet year 1987 as well
as the dry year 1999) and the influence of the position of the drainage system.
Piezometric pressures were put in context with the moisture dynamics of the drained soil profile to the depth
of 1.0 m, and with precipitation and drainage runoff. In view of the depth of the soil moisture measurements
that was carried out to 1.0 m it was possible to review the given relations to the relevant depth only.
The analysis of the results of piezometric pressure measurement in the individual depths of the drained
profile can be compared with the results of theoretical models.

DISCUSSION
The neutron probe type Troxler used for the soil moisture measuring records “moisture” in the spherical
space of soil around the probe sensor roughly to the distance equal to the radius 0.2 m from the sensor.
The method is not dependent on the size and quality of the contact area of the sensor with the porous
environment (soil) as it is the case with a whole number of other moisture apparatuses. A measuring
accuracy for the sensor is currently stated with an error of ± 1.5%, but in our case the potential error also
grows because of further inaccuracies, e.g. due to the spatial variability in the physical properties of the soil.
For all the monitoring locations the correction (-0.849 + 0.628n) was used, where n is the deduced value
of measurement.
From the point of view of water streaming in the drained soil profile the macro-voids (pedohydatodes), soil
permeability and drainage parameters (above all the location depth and the parallel drains range) are
fundamentally important. The saturated zone thickness fluctuates due to the occurrence of precipitation and
of soil profile drainage. In spite of its upper level being approximately identical with the underground water
level, it is necessary to mention that the measured underground water level may be distorted as the probe
records the pressure from any depth and place on the periphery of the bore (perforated pipe).
The saturated zone is usually not hundred percent saturated, there always remains a certain aeration share
that can be ascribed to the debit of the soil particles forces and also to hysteresis. However, oxygen may be
gradually extracted by soil organisms. For these reasons the piezometers suitable for the study of water
streaming conditions in a porous environment are those that are sensible tools for recording pressures above
all in a non-homogenous layered environment.
The choice of the relatively equal pairs of dry and wet years is based on the identity of the annual
precipitation totals. It is a criterion that is acceptable from the hydrological point of view. However,
if a markedly different precipitation development occurs in the chosen years (in temporal distribution as well
as in intensity), then the chosen pairs may be less homogenous.

CONCLUSIONS
The monitored situation showed evident differences and mutual connections of the course of soil moisture
and piezometric pressure in climatically and hydrologically characteristic years (the wet year 1987 and
the dry year 1999) for two different positions of the drainage system.
Based on the evaluation of the piezometric system in the dry and the wet period of a wet and a dry year,
the soil and underlying layers participating in the creation of drainage runoff were defined. The lowest values
of soil moisture content were measured during the extreme drought in the spring of the year 2000. The rate
of decrease of soil moisture drops with increasing depth. Water retardation used in the drainage system
retains soil moisture in the drained soil profile, which means that the critical drought period is shortened.
The obtained results enable us to describe more precisely the conditions of the drainage runoff origin
in a slightly sloping and a level position of the drainage system in the experimental catchment
of the Cerhovický stream on the loam-clay soils in the area of the Central Bohemian Hills.
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IN A HILLSIDE CATCHMENT
A. Ferrero, L. Lisa, S. Parena, L. Sudiro
Institute for Agricultural and Earth Moving Machines, CNR, Turin, Italy
Fax: +3911-3489218, E-mail: a.ferrero@ima.to.cnr.it

ABSTRACT
Runoff, soil and nutrient losses from a vineyard with rows across the hillslope (15-35%) were monitored
in a hillside catchment of NW Italy over a period of seven years. Conventional tillage (T) and controlled grass
cover (GC) of the inter-rows were compared in two hydraulically isolated plots (0.6 ha). Moreover, in the top
30 cm of the soil, water-stable aggregates, bulk density, water content at saturation, saturated hydraulic
conductivity (SHC) and soil temperature at two depths were monitored. On average, observed topsoil loss was
2410 kg ha-1 per year from the T plot and 480 kg ha-1 from the GC plot. Nitrogen loss was 1.27 and 0.75 kg ha-1
respectively. Normal rainfall events were analysed separately from rainstorms. Soil loss was considerably greater
during rainstorms. Nutrient losses followed the same pattern with rather low absolute amounts. The GC
management considerably increased the aggregate stability, while SHC was significantly decreased compared
to the T plot management. In the GC soil, bulk density and field water capacity were always higher.

Keywords soil erosion, hillside vineyard, tillage, grass cover
INTRODUCTION
In Piedmont (NW Italy), high quality viticulture is located on sloping or steep hill lands (gradient 20-45 %).
Traditional hillside viticulture uses deep and surface tillage. This technique, also due to increased
mechanisation, can lead to a deterioration of soil physical properties, causing excessive runoff, surface
erosion and sometimes landsliding. Tillage affects soil erosion in that it reduces organic carbon in all size
fractions, it decreases the aggregate stability, and it creates surface sealing (Burk et al., 1999) which
appreciably reduces the soil hydraulic conductivity of the uppermost horizons.
In different hilly areas of Central Italy (Bazzoffi et al., 1999), the controlled grass cover management
in orchards and vineyards has proved to mitigate soil erosion by reducing runoff and to be effective
in containing water pollution. Vegetation cover affects runoff and reduces surface erosion in several ways:
it shields the soil surface from raindrop impacts and prevents crust formation; roots generate macropores
thereby enhancing infiltration (Burk et al., 1999).
After some years of grass cover on vineyard inter-row in our experimental site, we have observed an increase
in bulk density in the upper soil, a decrease in hydraulic conductivity, and a halving of soil erosion. In dry
years we have observed a decrease in grape production (though improvement in quality), however the effects
of management led to recovery in the years with more rainfall (Ferrero et al., 2001; Lisa et al., 1999).
To ascertain the efficiency of the grass cover management practice for increasing hydrological protection,
a vineyard with conventional tillage and grass cover management in a small hillside catchment was
monitored from 1992 to 1998 for rainfall, runoff, soil and nutrient losses.

METHODS
The research was carried out in a hill farm of Northern Monferrato (Piedmont). The climate in this area has
cold winters with snow and dry summers with rainstorms. Rainfall averages 836 mm per year.
The catchment (425-530 m a.s.l) covers about 11 ha with a SW aspect, it includes arable land and vineyards
on less sloping plots (15-30% gradient), and coppices on the steeper plots (up to 50% gradient). The soil
is silt-loam (58% loam), overlaying marls of the Baldissero Formation (Middle Miocene).
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In a vineyard, with vine rows at 2.75 m across the slope, arranged with slight longitudinal slope (2-10%) and
terracing at the head of every four rows which decreases the hill slope to 10-20%, two plots (about 0.56 ha
each) were hydraulically isolated by an inter-row with uphill counterslope. One of the plots was treated
with conventional tillage (T) with autumn ploughing and two tillings; the other plot was treated
with controlled grass cover (GC) with mowing and chopping of the cover three times per year. The plots
were supplied with a water capture outlet, measurement devices and a slowing decantation tank.
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Fig 1:

560

Schematic of the measurement device for the water runoff from the vineyard plots, fitted
with scaling tanks and a counter.

The runoff gauge consists of two balancing buckets (12 l capacity) equipped with a click counter and a chart
recording system, and of an overflow meter for the water volume if overflowing from the buckets occurs.
Part of the water is automatically collected in a container (80 l) for taking samples for soil and nutrient
content analyses. Soil deposits in the sedimentation tank were also analysed. The weather station at the farm,
equipped with a tipping bucket raingauge (0.2 mm resolution) with chart recorder, was used to obtain
the meteorological inputs (a collection of standard meteorological data since 1962 is available).
Moreover some soil characteristics in three layers down to 29 cm depth were monitored in four sub-plots
of the compared treatments. At the beginning and end of the experiment, soil samples were collected
for chemical analyses, for soil texture, and for water aggregate stability index (WAS), according to Pagliai et
al. (1997). Three times per year, bulk density, total porosity, water content at saturation (SP) and at field
capacity (FWC) were determined by the method of Luppi (1973) on undisturbed cores (100 cm3) from three
depths. The saturated hydraulic conductivity (SHC) was measured by a Guelph permeameter according
to Reynolds and Elrick (1985). Soil temperatures were measured with termocouple sensors, at 6 and 11 cm
depths, and registered by datalogger every 10 minutes throughout the year.
The vegetative and productive characteristics of two grape varieties, Barbera and Freisa, commonly grown
in the research area, were also monitored.

RESULTS
All the rainfall episodes recorded from 1992 to 1998 were taken into account when their runoff exceeded
0.03 mm (300 l ha-1): this amounted to 101 events. Normal rainfall events (maximum intensity lower than
10 mm h-1) were examined separately from rainstorms and autumnal rains (long lasting rainfalls).
In Table 1, the average features of single events identified as: normal, rainstorm and autumnal rainfall are
reported. The events are also grouped by amounts of runoff and soil loss from the two plots.
The mean duration of the 101 events was 47 h, while the rainfall lasted 23.8 h, with a 42.7 mm rainfall depth.
The average intensity of rainfall was 5.1 mm h-1, and the maximum intensity was 6.05 and 32.49 mm h-1
respectively for normal rainfall and rainstorms.

106

Very high variability of the rainfall intensity and of the runoff coefficient occurred both for rainstorms and
autumnal rains. The runoff coefficient was much higher in the T plot than in the GC one during rainstorms,
conversely it was higher in the GC plot for autumnal rainfall events. Also the mean soil losses for each event
showed high variability, especially during rainstorms when they rose to 500 kg ha-1 in the T plot, while they
remained very low (3.1 kg ha-1) during normal events.
Table 1: Mean features of the recorded rainfall events, runoff coefficients and soil losses
from tilled (T) and grass covered (GC) vineyard plots for the period 1992 - 1998.
Events
Features
Normal
Duration
(h)
Rainfall
(mm)
Max.intensity
(mm h-1)
°Runoff coeff.
%
Tilled
Grass covered
°Soil loss
(kg ha-1)
Tilled
Grass covered

Rainstorm

62.2(90.2)*
44.4(48.5)
6.2(46.8)

Autumnal

25.0(144.4)
36.0(65.1)
31.6(80.1)

0.72(116.9)
0.47(87.2)

63.2(60.4)
60.7(63.5)
4.1(16.6)

2.66(165.9)
1.27(122.2)

3.1(199.5)
2.4(194.2)

1.44(121.4)
2.82(99.5)

500.6(433.3)
99.2(380.6)

1.9(121.9)
1.3(72.2)

* coefficient of variation of single events is shown in parenthesis
° statistically analysed adopting the decimal log

In Fig 2, the hydrograph of a typical short-lived summer rainstorm is shown. It occurred on wet soil, 6.4 mm
rainfall the previous day, with 1 h duration, 67 mm rainfall depth, and maximum intensity corresponding
to 100 mm h-1 for 15 minutes. Runoff started 20 minutes after the beginning of rainfall, at a fairly intense rate
of 2.97 mm in the T plot and 2.14 mm in the GC plot. The time lag (peak rainfall to peak discharge) was
52 minutes in the GC plot and 43 minutes in the T one. The runoff coefficients were 4.43% for the T plot and
3.19% for the GC one, the soil losses 953.1 and 617.8 kg ha-1 respectively.
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Fig 3 shows the time series of annual rainfall and the annual amount of runoff from the T and GC plots.
In the years 1992-1993 the runoff amounts were very high, especially for the T plot, as a result of two high
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intensity short-lived storms. In 1994, total runoff was higher in the GC plot. This behaviour was caused by
a heavy autumnal rainfall event, which produced more runoff from the GC plot.
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The mean runoff depth of the single events for normal rainfall (57 events) was 0.35 mm from the T plot and
0.22 mm from the GC one. In the case of the 39 rainstorms identified, a larger difference occurred, as the
mean amounts were 1.04 and 0.5 mm respectively (Fig 4). It is therefore clear that rainstorms result
in heavier runoff which is mitigated by continuous grass cover.
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Average runoff, for the period 1992-1998, during normal rainfall and rainstorms, from tilled (T)
and grass covered (GC) vineyard plots.

In the case of normal rainfall, moderate annual soil losses were detected: 21 and 18 kg ha-1 (mean of seven
years) in the T and in the GC vineyard plots; also the nitrogen losses were very low: 0.44 kg ha-1 and
0,30 kg ha-1 respectively. During rainstorms, soil losses rose to 2390 Kg ha-1 from the T plot and only to
459 kg ha-1 from the GC one (Fig 5). Nitrogen loss from the T plot almost doubled (0.82 kg ha-1), whereas
from the GC one there was only a moderate increase (0.35 kg ha-1).
The permanent grass cover considerably increased (about double near the surface) the organic matter content
in the soil compared with the T plot (Table 2). The aggregate stability to water (WAS) was much higher
in the first two layers of the GC soil: this can be correlated with the increase of organic carbon
in the surface soil.
The bulk density was, on average, higher in the upper two layers the GC soil. In autumn, a considerable
increase in bulk density, near 18 cm depth, was noted also in the trafficked areas of T plot inter-rows.
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The water content at saturation (SP) and at field capacity (FC) proved to be higher in the first two soil layers
of the GC plots. A considerable increase of organic carbon and of aggregate stability in the surface layer was
also noted by Carter (1992) when comparing the soil properties of tilled and grassland sites.
The saturated hydraulic conductivity (SHC) was significantly lower in the upper soil of the GC inter-rows,
but less variable in time and space: higher differences occurred in spring. Other studies have related
the lower water conductivity of no-till practices with higher bulk density (Heard et al., 1988).
Soil (kg/ha), nutrients (g/ha

Losses during storm events
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Fig 5:

86
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Average annual soil and nutrient losses from the vineyard plots for the period 1992-1998 during
the monitored storm events.
Table 2: Selected soil characteristics in a hillside vineyard measured after seven years
of applying conventional tillage or grass cover technique.
Parameters
measured
Organic matter
(g kg-1)
Bulk density
(Mg m3)
Saturation capacity
(%v/v)
Field capacity
(%v/v)
Satur.conductivity, SHC
(m d-1)
Water-stable aggregate
Index, W.A.S.

Tilled soil
Depth, (cm)
0-9
10-19
2.9**
1.18*
53.8
35.0*
6.1**

2.6*
1.22*
48.5*
33.3**
1.46*
5.5**

Grass cover
20-29
1.5
1.20*
49.5
36.2*
ND

0-9

Depth, (cm)
10-19

5.5**
1.20*
54.2
38.1*
0.88*
20.9**

3.8*
1.24*
52.0*
36.5**
26.2**

20-29
2.1
1.23*
50.1
37.1*
ND

SHC: means the depth of measurement 10-20 cm
Means with * and ** at the same depth are significantly different at the 0.05 level and 0.01 by the LSD test.

The temperature in the upper soil of GC plots showed higher values in winter, lower in summer, and less
fluctuation, compared with the T soil. In January, the mean and standard deviation of the minimum daily
temperature at 6 cm depth were 3.38+0.64 °C in the GC plot, and 2.68+0.78 °C in the T plot. The mean and
standard deviation of the maximum were 5.78+0.80 °C and 4.89+0.97 °C respectively. A reverse relation
occurred in August when minimum and maximum daily temperatures were lower in the GC plot:
20.35+0.30 °C and 23.04+1.46 °C, while in the T plot the averages were 22.21+1.54 °C and 27.24+2.66 °C.
This trend may be correlated with the grass canopy and the mulching action of the plant residue which
decreased the energy available at the soil surface and the evaporative losses. Similar behaviour was noted
by Herrero et al. (2001).
The mean qualitative and productive results highlight lower plant vigour and grape yield in the GC vineyard,
though significant differences occurred only for the Barbera vine. Over seven years, the mean production
(Barbera) and the standard deviations were 2.48+0.39 kg/plant in the GC plot, and 3.18+0.55 kg/plant
in the T one; the sugar content was 196.91 +17.09 g/l and 189.86+21.02 g/l respectively in the GC and T
treatments.
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CONCLUSIONS
The controlled grass cover of hillside vineyards in the experimental site has proved to be effective
in reducing runoff, soil erosion, and environmental impacts. The mean values for the seven years
of observations indicate an annual topsoil loss of 2410 kg ha-1 from the T plot and 480 kg ha-1 from the GC
one, and a nitrogen loss of 1.27 kg ha-1 and 0.75 kg ha-1, respectively. During autumnal rains, runoff is
greater from the GC plot. This behaviour might be induced by higher bulk density and lower hydraulic
conductivity of the soil which increase surface runoff, whereas in the tilled soil, the roughness effect prevails
producing greater hydraulic gradients (Burk 1999).
The positive effect of the practice is enhanced during rainstorm events. The soil losses are less than in similar
experiments in central Italy (Bazzoffi and Chisci, 1999); this may be due to the arrangement of the vineyard,
developed to reduce water runoff.
The different topsoil erosion in the two practices would be clarified by the analyses of the soil physical
properties, which indicate a considerable increase of water stability of the aggregates in the topsoil under the
GC practice. It is well known that soil erodibility is related to detachability and transportability, both of
which depend on the physical and chemical properties of the soil (Lal et al., 1994).
To conclude, the results of the above research confirm, in our experimental condition, the positive effect
of the controlled grass cover of the vineyard, but also highlight some constraints. Therefore, there is need
for further research to deepen some aspects, especially the duration over time of the permanent grass cover.
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VARIABLE GROUNDWATER CATCHMENT SIZE
IN AN AREA WITH DEEP WATER TABLES
R. Dijksma, H.A.J. van Lanen, P. Aalders
Sub-department of Water Resources, Wageningen University, Nieuwe Kanaal 11, 6709 PA Wageningen,
The Netherlands

ABSTRACT
In catchments with deep groundwater tables the topographical catchment boundary is often used as
a hydrological boundary. The better method, determining the catchment boundary by deep piezometers,
is hampered by the scarsity of deep expensive drillings. A simple steady state groundwater model was
constructed in order to derive the hydrological boundaries of the Noor catchment. This model indicates a much
smaller hydrological catchment than the topographical catchment (716 and 1056 ha, respectively).
The simplified model indicated variable catchment boundaries, given the meteorological conditions. Therefore
calculations have also been performed to estimate the minimum and maximum size of the catchment. Attempts
to relate the NO3 load of major springs and the Noor brook to the N-input on a field scale are largely influenced
by this variable catchment size.

Keywords topographical versus hydrological boundary, deep groundwater tables, NO3 load,
groundwater modeling

INTRODUCTION
In the Noor catchment (The Netherlands), a small catchment with deep water tables, nitrate concentrations
are increasing. Many springs have already exceeded the critical concentration of 50 mg·l-1 NO3. The biggest
and therefore most important spring (Sint Brigida spring) in the catchment shows an increase from 40 mg·l-1
in the early eighties up to 85 mg·l-1 NO3 at present. The discharges of the major springs and the brook are
measured continuously. In order to relate the NO3 loads to the N-input, it is important to know the size of the
catchment.

Horstergrub
Noor

Fig 1:

Gulp

Topography of the Dutch part of the area: South Limburg.

Common practice in determining the catchment boundary in areas with deep groundwater tables is the
assumption that the hydrological boundary and the topographical boundary coincide (Querner et al., 1997).
In the Noor catchment, with little information on groundwater heads near the assumed catchment boundaries,
this assumption led to a catchment of approximately 1056 ha (Dijksma and Van Lanen, 2001).
By constructing a simple steady state groundwater model of the area, with as few assumptions as possible,
the catchment boundary and catchment size were calculated.
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METHODS
The Noor is a small tributary of the river Meuse, located in the south-east of the Netherlands and north-east
of Belgium (Fig 1). The surface elevation in this catchment varies between 240 m a.m.s.l. in the south-east
and 91 m a.m.s.l. at the outlet. The Noor brook starts as the Sint Brigida spring at 138 m a.m.s.l., has a length
of 3 km and discharges into the Voer in Belgium.
Consolidated Upper-Carboniferous shales and sandstone, folded at the Variscan orogeny, form
the impermeable base at a depth of 50-150 m below the surface (Heijde et al., 1980). In the downstream part
in Belgium these Upper-Carboniferous formations have been eroded and permeable Lower-Carboniferous
limestones occur, which implies that the impermeable base is at a depth of more than 800 m.
These consolidated rocks are discordantly overlain by subhorizontal Upper-Cretaceous deposits, consisting
of a sedimentary series of clayey silts, interbedded with thin layers of consolidated and fractured sandstone
(Vaals Formation), and soft and poorly bedded chalk (Gulpen Formation). A poorly sorted regolith is found
on top of the chalk (Eindhoven Formation). These formations lead to a hydrological system with deep
groundwater tables in the largest part of the area, and shallow water tables near the Noor brook and its
springs.
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The deep groundwater tables show large fluctuations over time, due to variations in the annual rainfall
surplus (Fig 2). Nitrate concentrations do not show the same fluctuation, but a gradual increase. Fig 3 shows
the nitrate concentration of the Sint Brigida Spring over the last 20 years (Van Lanen and Dijksma, 1999).

MODELLING
A simple steady state groundwater model was constructed using Micro-Fem (Hemker and Nijsten, 1996).
Its boundaries were chosen at a relatively large distance from the assumed Noor catchment boundaries.
The transmissivity of the Cretaceous formations was assumed to be 100 m2 d-1 (Dijksma and Van Lanen,
2000; Peters et al, 2001). Neighbouring brooks were included in the model.

Fig 4:

Reference groundwater model of the Noor and neighbouring brooks, depicting flow direction and
velocity.

Fig 4 shows the result using the long-term average of 269 mm·year-1 as rainfall surplus. The small arrows
indicate the flow direction and velocity. The darker area is the resulting Noor catchment. The long tail of the
catchment is the result of inaccuracy at the south-east model boundary. In the calculations, this tail
is ignored.
This reference model indicates that the catchment extends over only 716 ha, and is thus much smaller than
the topography based catchment of 1056 ha. On all sides, the catchment boundary is shifted towards
the brook.
Since the catchment is certainly not at steady state with fluctuations in rainfall surplus and accompanied
fluctuations of the deep groundwater tables, calculations were also made under wet and dry conditions.
The wet condition was represented by a doubled rainfall surplus, the dry condition by half the rainfall surplus
(Table 1).
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Table 1: Calculated Noor catchment size; maximum variation.

Reference
Double (x 2)
Half (x 0.5)

Rainfall surplus
(mm·year-1)
269
538
135

Catchment size
(ha)
716
1016
437

1016 ha

Fig 5:

437 ha

The Noor catchment, with rainfall surplus x 2 and x 0,5 respectively.

These results indicate that the catchment size is strongly dependent on the climatic conditions. As shown
in Fig 2, the wet and dry periods only last a few years. Then the conditions change again. Equilibrium
in groundwater levels, discharges and therefore catchment boundaries is never reached. Thus, the catchment
boundaries in this system are fluctuating over time, but not as much as indicated in Table 1.
It was estimated that, given the duration of the wet and dry periods, it would be more realistic to use less
extreme values for rainfall surplus. Another indication that the catchment size fluctuation should be less than
that reported in Table 1 was that the calculated groundwater heads (max. and min.) were never reached.
A correction factor was derived, using the calculated and real groundwater levels. Table 2 shows the results
of these calculations.
Table 2: Calculated Noor catchment size; realistic variation.
Catchment size
(ha)
716
781
644

Reference
Wet conditions
Dry conditions

Another possible check on the most likely catchment size is to calculate the water balance. However, in areas
with deep groundwater tables a large quantity of water can be stored in the unsaturated zone. It would be
necessary to calculate a water balance over tens of years to eliminate the storage uncertainty.
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CONCLUSIONS
In areas with deep groundwater tables the topographical boundary is often used as the hydrological
catchment boundary. Piezometers to validate this assumption are often scarce. Water balance calculations
to derive the catchment size are hampered by the large storage capacity of the unsaturated zone.
In the Noor catchment, the most likely hydrological catchment area is only 68% of the topographical
catchment area. The catchment size is not constant over time, but is related to variations in rainfall surplus
(± 10 %). The correlation of Nitrate loads in springs and brooks, and N-input on the field scale can contain
large errors (> 25%) because of this phenomenon.
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INTERCOMPARISON OF FIELD OBSERVATIONS
AND HYDROLOGICAL MODELLING
OF HILLSLOPE RUNOFF COMPONENTS
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ABSTRACT
A conceptual rainfall-runoff model originally developed for the basin scale was applied in this paper at the
hillslope scale. Observation data gained by field experiments were compared with the simulation results of the
model. The total amount of simulated runoff showed reasonable agreement with observations. But regarding
the specific runoff components, the model overestimated interflow and underestimated (near)surface flow.
This was caused by the model design based on the saturation excess concept. Some model parameters and state
variables such as soil depth, wilting point, field capacity and soil water storage pertain to physical properties.
Therefore the model can be applied on sparsely monitored plots. As hillslope runoff components will hardly
be available, soil moisture observations can be used for model calibration and validation.

Keywords hillslope runoff processes, runoff formation experiments, subsurface flow, conceptual
hydrological modelling

INTRODUCTION AND OBJECTIVES
One main objective of hydrological field experiments is to gain knowledge regarding runoff formation
processes. Based on these experiences simulation models can be developed and evaluated, considering
impacts of vegetation cover, soil properties and morphological parameters.
Hydrological runoff models have been applied to numerous problems in hydraulic engineering and water
management. In general, water management decision making deals with larger spatial scales than field
experiments and, therefore, applies models which have been validated for those particular larger scales.
This paper aims to test and verify whether a conceptual hydrological model is applicable also for local plot
scale approaches and whether it can reflect the natural behaviour of a hydrological system.

FIELD DATA AND OBSERVATION DESIGN
In the framework of a research project dealing with hydrological functions of alpine forest ecosystems
(Hager and Holzmann, 1997), hillslope runoff processes were analysed (see also Holzmann and Sereinig,
1997). The experimental site was located in the western part of the Austrian province of Styria in the upper
catchment of the river Enns. The elevation of the subcatchment ranges from 700 to 2200 m a.s.l.,
the experimental plot was located at 1100 m a.s.l. The slope inclination was about 35 degrees. The plot was
situated in a forested stand, stocked by a mixed forest (European beech, Norway spruce, silver firs)
with domination of deciduous species. The soil depth was about 160 cm, the permeable bedrock consists
of fractured phyllite slate. The field observation design included the measurement of subsurface runoff, soil
moisture and soil suction on the plot scale. A scheme is shown in Fig 1. Observations of the meteorological
data and rainfall measurements in the forest stands and in the open space enabled the estimation of water
balance components like interception, infiltration and runoff. Similar investigations are referred to
in Atkinson (1978) or in Peters et al. (1995).
Field measurements were carried out during the summer period in 1995. All data were stored in data loggers
and have temporal resolutions of 5 to 15 minutes and have been aggregated to hourly and daily time series.
The database of the field observations and derivatives to be used in the hillslope runoff modelling include
the following:
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Fig 1:

subsurface runoff at 20, 100 and 160 cm depths,
net precipitation (excluding interception),
soil moisture at 40, 60 and 90 cm depths and 20, 150 and 300 cm upslope of the drainage pit,
potential evapotranspiration (estimated by the Penman-Monteith formula),
soil suction head at 40 and 80 cm depths.

Scheme of the measurement plot and instrumentation (modified from Holzmann and Sereinig,
1997).
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Accumulated water balance components for the summer period 1995.

The cumulative water balance components for the 1995 observations are plotted in Fig 2. For the period
from June to November the gross precipitation was 568 mm, the net precipitation (excluding the interception
loss) was 357 mm. Interception was directly measured by means of rain gauges in the stand and stem runoff
equipment. The total hillslope runoff was 261 mm, which represents 46% of the total rainfall or 73% of the
net precipitation. Table 1 shows the monthly water balances for the observation period.
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Actual evapotranspiration was estimated by the calibrated conceptual rainfall-runoff model described below,
considering the instantaneous available soil moisture content (for plants) and the evaporation demand of the
atmosphere. Table 1 shows that this actual evapotranspiration is very near to the observed interception losses
(the difference between gross precipitation and net precipitation).
Table 1: Water balance components of the observation period 1995.

June
July
August
Sept.
October
Total

Net Precip. Gross Prec. Mean Air Pot. ET Act. ET Runoff
[mm]
[mm]
Temp. [°C] [mm]
[mm]
total
95
149
10.7
80
55
55.3
23
64
17.1
122
48
13.3
116
163
13.3
77
34
86.7
107
163
8.8
38
33
97.3
16
29
8.5
27
14
8.4
357
568
11.7
345
184
261.0

Runoff 1
[mm]
43.3
11.9
68.5
49.4
8.1
181.2

Runoff 2
[mm]
6.9
0.1
15.6
29.8
0.2
52.6

Runoff 3
[mm]
5.1
1.3
2.6
18.1
0.1
27.2

Besides the above observations, additional forest ecological investigations were carried out to estimate root
depths and densities, stem runoff and interception of vegetation and litter layer.

APPLIED HYDROLOGICAL MODEL
Conceptual models are generally applied at the basin scale. This was also the case for the described model,
which was originally developed for runoff forecast purposes for catchments larger than one thousand square
kilometres. The scheme of this model is presented in Fig 3. The development process is described
in Nachtnebel and Holzmann (1999) and in Holzmann and Nachtnebel (2002). The design of the available
model includes three runoff components of quick (near surface) flow, interflow and slow (base) flow,
which are to some extent analogous to the runoff components observed in the plot scale investigations
(compare with Fig 1). Therefore it was deemed useful to test if the model assumptions of multiple storage
release agree with the observations made on the plot scale.
Evapotranspiration

Rainfall

Hortonian Flow

Surface Storage

Surface Runoff f(bw1, h1, k1)

PV

Drainable Soil Water

h1
bw1

Plant Available Soil Water

Interflow

FC
h2
WP

Percolation /
Preferential Flow

PV … Pore Volume
FC … Field Capacity
WP … Wilting Point
bw1,2 … Actual storage content
k1 … Retention constant of surface runoff
k2 … Retention constant of interflow
k3 … Retention constant of percolation
bw2
k4 … Retention constant of baseflow
h1,2 … Depths of surface flow and interflow
outlets (function of soil depth and pores)

Fig 3:

f(bw1, h2, k2)

Percolation

f(bw1, h2, k3)

Baseflow

f(bw2, k4)

Groundwater Storage

Conceptual rainfall runoff model (after Nachtnebel and Holzmann, 1999) with recommended
modifications (dashed modules).

The conceptual rainfall-runoff model consists of two storages. The upper storage represents the soil column.
Two outlets correspond to surface runoff (saturation overland flow) and interflow (macropore flow).
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The second storage is the groundwater storage, interconnected with the soil column only by the vertical
downward flux component (percolation), i.e. not allowing for the upward capillary rise of water.
Groundwater release can be interpreted as the slow baseflow component. The basic model, primarily
developed for daily time steps, was discretised to hourly intervals. All input data such as rainfall and
potential evapotranspiration were transformed to that time scale. The interception process of the vegetation
cover is not directly integrated into the model, but its effect can implicitly be considered as being included
in the actual evapotranspiration. The dashed and dotted model components of Fig 3, e.g. the Hortonian flow
component, did not exist in the original model version but refer to recommendations for improvement
mentioned in the conclusions of the present paper.
The model application on the plot scale was made possible due to the availability of specific discharge
observations for the quick, medium and slow flow components. This enabled a parameter calibration,
which had not only to consider total runoff as the overall response of the system – which is usually available
for the model calibration at the catchment scale – but linked the model parameters more closely to the
addressed processes. Using the minimum least square criterion as the objective function, the improved
calibration follows equation (2) instead of using equation (1). Some subjective weighting coefficients λ can
account for different data reliability or for different priorities in the particular runoff components.
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where:
d … value of the objective function
qi … fluxes (total or for near surface flow (1), interflow (2) and base flow (3)), observed or simulated
λi … weighting coefficient for near surface flow (1), interflow (2) and base flow (3)

SIMULATION RESULTS AND INTERPRETATION
Runoff comparison
Due to the short duration of the observations, the model was calibrated for the entire period. Only the first
10 days were excluded in the objective function, allowing a compensation of errors of the initial condition
estimation. Both for daily and hourly temporal resolutions, the total hillslope runoff could be modelled well.
The correlation coefficient of 0.95 and a Nash-Suttcliffe (NS) value of 0.89 confirm the good performance.
Fig 4 shows that the total discharge peaks agree between observed and simulated data; only small runoff
peaks in July were underestimated by the model.
For the specific runoff components, bigger discrepancies between observed and simulated data exist and are
indicated in Fig 5 by grey ellipses. The upper layer flow – interpreted as near surface flow – was reliably
simulated for the bigger peaks, while smaller runoff events were underestimated by the model.
The correlation coefficient for the near surface runoff was 0.90 and the NS-coefficient was 0.76. The model
parameters (depths of outlets and recession constants) were optimised using equally weighted square errors
of the three specific runoff components corresponding to equation (2). As the highest discharges occurred
for layer 1, the deviations in the objective function gave higher weight to the parameters of layer 1.
The interflow layer was not described so well, correlation coefficient of 0.65 and NS-coefficient of 0.1 show
rather weak agreement. The observed intermittent base flow component was not described by the model
at all. To prevent the model from percolating too much water – which could not be observed in nature –
the calibration resulted in very high retention constants k3 and k4 (see Fig 3), reflecting percolation and
groundwater flow, which made the simulated base flow delayed and smoothly varying and not corresponding
to the observed runoff pattern.
Some difficulties are also caused by the variable contributing area of the plot, which is not a priori known.
At the beginning of some rainfall events, the hydraulic head gradient is directed rather perpendicular to the
soil surface. With increasing soil moisture content the flux will be more directed parallel to the surface.
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Therefore, the runoff measuring troughs receive water from an area which is small at the beginning but gets
progressively larger during the course of the event. A closed water balance then cannot be easily made.
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Soil moisture comparison
The upper storage of the conceptual model represents the soil column (see Fig 3). The water content scale
starts with the wilting point (WP), percolation and interflow is initiated at field capacity (FC) and surface
runoff at saturation (saturation excess flow).
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According to the model concept (see Fig 3), the state variable bw1 of the model upper storage (soil storage)
can be interpreted as

bw1(t ) = (θ (t ) − θ WP ) ⋅ ∆h
where θ(t) … average instantaneous soil moisture content
θWP … average soil moisture content at wilting point
∆h … depth of soil column

(3)

40

By solving equation (3) with the observed soil moisture data θ(t), the corresponding estimate of the state
variable bw1 can be compared with the model results. Fig 6 shows the simulated state variable and the soil
water storage according to the TDR measurement at a 40 cm depth estimated by means of equation (3).
The absolute variability of the soil moisture storage is reliably modelled, but the observed data show a more
pronounced increasing trend than the modelled data and the drainage phases of observed soil moisture
variations tend to be delayed. Some deviation may be due to the fact that the soil profile depth considered
in (3) was about 90 cm, while the TDR data correspond to a depth of 30 to 50 cm only.
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Fig 6:
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Modelled (conceptual model) and observed (equation (3)) soil water storage.

CONCLUSIONS
Conceptual rainfall-runoff models find a broad range of application at the basin scale. This contribution
shows that this type of model is also applicable for the plot scale. But the analysis of actual processes based
on field observations indicated that some shortcomings should be recognized. (1) The model’s quick flow
response is based on a saturation excess flow generation mechanism and can only occur if the soil storage
is full. The model output will also generate interflow. The observations showed that quick flow occurred
only during certain events. Therefore a submodel representing the Hortonian overland flow may better
describe the natural processes and should be added to the model. (2) The observed runoff for the third
(lowest) layer should not be interpreted as groundwater flow, as the soil layer in which it is generated is not
permanently saturated. It could rather be described as an intermittent perched groundwater flow term,
initiated at a predefined average soil water content, higher than the field capacity. A model adaptation
consisting of raising the elevation of the percolation outlet can allow for this effect. (3) The spatial boundary
of the plot-scale water balance unit can vary in time. This makes the definition of the contributing area
difficult and event-dependent. This is not considered in the model. (4) Some model parameters refer to soil
physical properties such as soil depth, wilting point and field capacity, and have therefore a better physical
meaning on the plot scale and on the scale of Hydrological Response Units (HRU) than on the basin scale,
where the retention parameters cannot be directly estimated from physical parameters, but are rather
a function of the catchment size and morphological conditions. Future research will focus on these relations
to also investigate the applicability of the conceptual model for ungauged catchments or to find upscaling
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procedures for parameter estimation. (5) The combined approach of in-situ experiments and the application
of computer models provides useful insight into the system behaviour, the conceptualisation of the processes
and their limitations.
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ABSTRACT
The present study tries to use additional information to improve process representativity in hydrological
modelling. The study region is the Haute-Mentue catchment located in the western part of Switzerland, 20 km
north of Lausanne. Previous research that has been carried out on this catchment improved the understanding of
the runoff generation process by combining point soil moisture measurements (TDR) and integrating
measurements both at the hillslope scale (dye tracing) and at the catchment scale (environmental tracing). In this
work, environmental tracing information is integrated into a semi-distributed hydrological model, which is
a modified version of TOPMODEL, taking into account rapid shallow subsurface stormflow generation above
a less permeable soil horizon. Additional information has been incorporated by using a version of simulated
annealing adapted for multicriteria optimisation.

Keywords runoff generation, tracing, hydrological modelling, multicriteria optimisation
INTRODUCTION
This work is in line with research at the ISTE / HYDRAM institute which aims at identifying and modelling
the hydrological behaviour at the catchment scale. The study region is the Haute-Mentue experimental
catchment, located in the western part of Switzerland (Fig 1). Research carried out previously showed that
environmental tracing, as an integrating technique, contributed to a better understanding of the hydrological
processes at the catchment scale. In order to benefit from this knowledge, we try to use environmental
tracing as additional information in the calibration of a modified version of TOPMODEL.

Fig 1: Geographical location of the Haute-Mentue catchment.

ENVIRONMENTAL TRACING ON THE HAUTE- MENTUE CATCHMENT
Chemical mixing models have been intensively used on the Haute-Mentue catchment in order to study the
runoff generation process. Environmental tracing considers runoff at the outlet as a result of a mixture
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of several components the definition of which depends on the number and type of tracers. Calcium, silica and
oxygen-18 have essentially been used to monitor the chemistry of the flow. In this study, calcium and silica
have been chosen in order to identify three components: precipitation, soil water and groundwater.
The chemical signatures were defined by considering temporal variability of the three components and
spatial variability of the groundwater. Hydro-meteorological data are treated by the AIDH program
developed at the ISTE/HYDRAM (Joerin, 2002). Hydrograph separation performed for October 1998 on the
Bois-Vuacoz subbasin of the Haute-Mentue catchment showed that soil water is the most important
component contributing to the flow, independent of the antecedent conditions (Fig 2). Several hypotheses
have been proposed to explain this rapid subsurface response, one of them highlighting the role
of preferential flow and particularly macropores (Joerin, 2000). Because environmental tracing is
an integrating measurement at the catchment scale it could be very useful in constraining the performance
of hydrological models that make predictions at the same scale.

Fig 2: Hydrograph decomposition by the AIDH program; Bois-Vuacoz catchment, October 1998.

HYDROLOGICAL MODELLING
Because we observed a large contribution of soil water to the total flood discharge, we use for modelling
purposes, a "3 component" version of TOPMODEL. The main difference with the original version
of TOPMODEL consists in introducing a subsurface reservoir from which shallow saturation above a less
permeable layer can contribute to the episodic surface saturation near the stream. When perched water
develops, the contributing area expands only from the initial saturated area from the groundwater (for more
details see Scanlon T.J., 2000). The model works with a set of eight parameters characterising both saturated
and unsaturated zones. This version of TOPMODEL is applied on the Haute-Mentue catchment during
a humid period of the year 1998. Model parameters are optimised by a version of simulated annealing which
belongs to the class of Monte Carlo directed methods. The algorithm includes a parameter called temperature
which determines the acceptance or rejection of newly generated parameter sets. Better models are always
accepted with probability 1 while worse models are accepted with a probability given by the Metropolis rule:
P = exp (- ∆E /T)

where:
-

∆E is the difference in the objective function between two consecutive iterations;
T is the temperature parameter.

First, the model is calibrated against total discharge only. The objective function is represented by the sum
of the squared errors and the optimisation procedure minimises the objective function using the ordinary
least squares method. In order to improve robustness of the calibrated parameters, corrective actions were
taken in order to assess the constancy of the residuals' variance (use of logarithm-transformed data) and the
time independence of the residuals (introduction of an autoregressive model AR(1,0)). The total discharge is
well simulated (Nash-Sutcliffe criterion equal 0.84) but the simulated components are different from the ones
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obtained by the application of environmental tracing (Fig 3). Thus, in order to improve the model process
representativity, the environmental components as given by the AIDH program were used to constrain
the model performance. We have formulated for this reason a new objective function that takes into account
two responses: total streamflow and baseflow at the outlet. The choice of baseflow to constrain the model
was motivated by the parameters' distribution after calibration of the model against single components of the
total discharge. The distributions of the parameters obtained by calibration on baseflow are different from the
distributions of the parameters obtained by calibration on total streamflow, soil and rainfall contributions.
Fig 4 shows the shape of different distributions of the most sensitive model parameters. These are the
groundwater zone scale depth parameter (m) and the stormflow zone recession parameter (Qosf). The new
objective function was built in accordance with the recommendations of Mroczkovski (1997), each response
being weighted by its residual variance. Joint calibration of the model on total streamflow and on baseflow
indicates that the general performance of the model is slightly lower (Nash-Sutcliffe criterion equal 0.8), but
runoff components, and especially baseflow, are better simulated. In fact, the results show a compromise
between a slightly lower simulation of the soil runoff contribution and an improved groundwater
contribution (Fig 5). The example we presented highlights the benefits of additional information in order
to improve the representativity of conceptual process-based rainfall-runoff models. It might be interesting
to further develop this kind of approach in the aim of choosing the most "physical" sets of parameters.
As already shown by Beven (2001), calibrating conceptual rainfall-runoff models seems to be very difficult
because of the equifinality of the parameters. In this example too, one can identify several parameter sets
which give quite similar results in terms of streamflow simulation. This preliminary study shows that the
introduction of additional information could contribute to a better definition of the surface response of the
parameters.

Fig 3: Modified version of TOPMODEL runoff simulation for Bois-Vuacoz catchment, October 1998.

PERSPECTIVES
The next step for working with multiple responses could be the incorporation of a multicriteria approach.
More attention should be given to the choice of the most informative responses to work with, in order
to better identify subspaces of response surfaces where robust parameters lie. The identification of such
robust sets of parameters would allow them to be used on periods without tracer information. In this context,
a new version of the simulated annealing algorithm developed by Suppapitnarm (2000) for multiobjective
optimisation will be implemented to work with the modified version of TOPMODEL. The method creates
an archive of non-dominated solutions, which is generally known as the pareto-optimal set. The final nondominated population represents a number of different optimal solutions from which a user can choose
a compromise solution with full knowledge of what is actually achievable.
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Fig 4:

Model parameter distributions (baseflow scale parameter m - line 1; stormflow recession parameter
Qosf - line 2) after calibration against total runoff (column 1) baseflow (column 2) and soil runoff
(column 3).

Fig 5:
Modified version of TOPMODEL, runoff simulation for Bois-Vuacoz catchment after calibrating
the model on both total runoff and baseflow, October 1998.

CONCLUSIONS
This paper presents the first results of considering additional data during the calibration of a semi-distributed
model. Several years of intensive environmental tracing on the Haute-Mentue catchment allowed a better
understanding of the hydrological behaviour and of the runoff generation processes. The approach presented
here is a trade-off between experimental knowledge and "lumped" hydrological modelling. Additional data is
introduced by considering different objective functions and by using them within a simulated annealing
approach. The first results show the usefulness of multiple criteria in constraining and assessing model
performance and process representativity.
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ABSTRACT
Runoff hydrographs from several small agricultural catchments and tile drainage (subdrainage) systems in these
catchments were analysed using several runoff separation techniques. A semi-empirical method, GROUND
(Kulhavý et al., 2001), based on a conceptual model of delayed reaction of the slow flow component to the total
flow ascent, was used to separate the quick runoff component (direct runoff). A digital filter (Chapman and
Maxwell, 1996) was calibrated for two of the catchments studied, using the Kliner and Kněžek (1974) method
based on the analysis of groundwater table vs. stream discharge relation, and the Kille (1970) method based
on the distribution of minimum monthly flows. The digital filter was then used to separate the slowest flow
component (baseflow), while the difference between the GROUND results and the digital filter results was taken
as an estimate of interflow, interpreted as shallow groundwater flow. The quick flow / total flow ratios as
obtained by GROUND and the digital filter are mutually correlated (r2 = 0.717). On the average, direct flow,
interflow and baseflow represented 30 %, 40 % and 30 % of the total flow, respectively. The results show
significant differences between individual catchments and subdrainage systems. Low direct runoff proportions
are found when a subdrainage system or a stream drains perennial aquifers. On the other hand, high direct runoff
correspond to the cases when a subdrainage system is located upslope and does not cut a perennial aquifer, or
when the catchment of a stream has an extremely elongated shape. In general, the runoff patterns of subdrainage
systems are not notably different from those of surface streams, which suggests that the runoff formation
mechanisms in these two systems are similar.

Keywords hydrograph separation, agricultural catchments, tile drainage, runoff formation
INTRODUCTION
One approach in studying runoff processes is to separate different components of the total runoff hydrograph
as it has been observed in the closing profile of a catchment. These components inevitably reflect, directly or
indirectly, the different processes taking place within the catchment. The smaller the catchment, the easier
the deciphering of its runoff hydrograph. This paper explores the potential of several runoff separation
methods, applied to the data from small, prevailingly agricultural catchments in the foothill zones of Central
and East Bohemia and from agricultural subdrainage systems located in these catchments.

METHODS AND MATERIALS
Surface runoff and subdrainage runoff were measured in several small agricultural catchments in Central and
East Bohemia (see Tables 1 and 2). The separation of runoff components was performed in the same way
for both stream flow and subdrainage runoff data (daily flow series in both cases). The subdrainage systems
studied consist of underground pipe (tile or plastic) drains about 1 m deep and 11 to 16 m apart (the term
“subdrainage” is used in this paper, as proposed by the reviewer, to denote a subsurface tile drainage
system). For an overview of the subdrainage systems, see the left part of the last five rows in Table 3.
Some data series are relatively short, except for the Žejbro stream. The contribution of subdrainage runoff
to the total stream flow in the catchments studied is not known exactly, because not all subdrainage systems
were monitored. Its estimates vary between 10 and 30 % of the annual stream runoff.
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Table 1: Basic characteristics of the main RISWC experimental catchments.
Catchment name:

Cerhovický
potok
Catchment code
CP/A1*)
Average latitude:
49o 51' E
Average longitude:
13o 50' E
Altitude (m):
390 – 572
min – max (average)
(481)
2
Area (km )
7.36
% crop land:
18 %
% grassland:
22 %
% forest:
60 %
% drained land:
16 %
An. Precipitation (mm):
617
Av. Temperature (oC):
7.5
Main parent rock:
mica schist
Measured since:
1973

Černičí
CE/P1
49o 37' N
15o 04' E
448 - 543
(496)
1.42
73 %
7%
17 %
17 %
722
7.5
paragneiss
1991

Dolský
potok
DP
o
49 47' N
15o 59' E
456 - 676
(566)
4.78
68 %
7%
1%
22 %
764
6.3
phyllite
1982

Kopaninský tok
KT/T7
49o 28' N
15o 17' E
467 - 578
(523)
6.69
52 %
14 %
30 %
10 %
665
7.0
paragneiss
1985

Kotelský
potok
KP
o
49 47' N
15o 59' E
438 - 663
(551)
3.21
76 %
10 %
3%
38 %
764
6.3
phyllite
1982

*) The characteristics relate to the actual experimental catchment (CP/A1). Some results below refer to
a larger catchment which was operational before 1994 (CP/UPF, 8.98 km2, containing more arable land)
or to an upper subcatchment of CP/A1 (CP/B1, 3.15 km2, mainly forested).

Table 2: Basic characteristics of the other experimental catchments.
Catchment name:

Žejbro
*)
Catchment code:
ZE
Average latitude:
49o 48' N
Average longitude:
15o 59' E
Altitude (m):
355-676
min - max (average)
(516)
2
Area (km )
48.3
% crop land:
63 %
% grassland:
15 %
% forest:
16 %
% drained land:
23 %
An. precipitation (mm):
764
Av. temperature (oC):
6.3
Main parent rock:
phyllite, deep igneous,
Cretaceous sedimentary
Measured from-to:
1977-97

Křepelka
§)
KR
50o 28’ N
16o 14’
360-410
(385)
2.0
75 %
20 %
5%
about 20 %
742
7.3
loess loam over
Cretaceous sandstone
1965-1982

*) A regular gauging site of the Czech Hydrometeorological Institute.
§) A former experimental catchment of the Czech University of Agriculture.
+) A former experimental catchment of RISWC, now abandoned.
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Ovesná Lhota
+)
OL
49o 49' N
15o 27' E
506-550
(528)
0.66
76 %
15 %
9%
59 %
671
7.0
paragneiss
1977-91

Two methods of runoff separation were applied systematically to all data. The first method is the digital filter
suggested by Chapman and Maxwell (1996; referred to as Method 1 in Grayson et al., 1996), defined
by equations:

Qtotal = Qquick + Qslow ; Qslow (i ) =

k
1− k
Qslow (i − 1) +
Qtotal (i ) ; Qslow (i ) ≤ Qtotal (i )
2−k
2−k

where Q(i) is the average daily flow on i-th day, either the total flow or the slow component or the quick
component (as indicated by the subscript), and k is the flow recession constant. The initial condition was
taken as Qslow(1) = Qtotal(1). The other procedure used, GROUND (Kulhavý et al., 2001), contains
a parameter C determining the rate at which the slow flow component rises when the total flow rises.
Neither GROUND nor the digital filter can distinguish more than two flow components. In this paper, these
components are referred to as Qslow and Qquick. However, experience shows that at least three components
must be distinguished, i.e., the genuinely quick direct runoff on one hand, the genuinely slow and quasiconstant baseflow on the other hand, and the rest, usually being referred to as interflow, which can be
visualised as perched, shallow groundwater flow. The GROUND method is more suitable for direct runoff
separation because it assumes that the slow component (i.e. interflow plus baseflow) immediately reacts
to each total flow ascent. Its suitability was verified by comparing it with a semi-distributed model, EPIC
(Jain, 1997). We therefore used GROUND to separate the direct flow component, leaving C = 0.075
as proposed by Kulhavý et al. (2001).
1
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0
-1
-2
-3

Qav
Qmin
Kille

The Kille line: ln(Qmin) = A + B*X
X = plotting position
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Baseflow separation using the Kille method for Žejbro, November 1977 to October 1997.

Deltah = Groundwater table height in V3 (cm)
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Fig 2:

Baseflow separation using the Kliner-Kněžek method for Černičí, stream (P1), 6/1/98-31/5/2000.
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The digital filter described above is more suitable for the separation of baseflow, and we applied it
with k = 0.99483 (see below). For calibration of the digital filter, we used the method of baseflow separation
by Kille (1970) based on the frequency analysis of minimum monthly flows, applied to the Žejbro stream
data only (Fig 1), and the method by Kliner and Kněžek (1974) based on the relation between the stream
flow and the groundwater table elevation, used with the Černičí stream data (Fig 2). The effect of the two
methods (the digital filter and GROUND) is demonstrated in Fig 3.
18

Daily drainage runoff (mm/d)

16
Qtotal

14

GROUND (C=0.075)

12

DF1 (k=0.99483)
10
8
6
4
2

03/06/00

27/05/00

20/05/00

13/05/00

06/05/00

29/04/00

22/04/00

15/04/00

08/04/00

01/04/00

25/03/00

18/03/00

11/03/00

04/03/00

26/02/00

19/02/00

12/02/00

05/02/00

29/01/00

22/01/00

15/01/00

08/01/00

01/01/00

0

Date

Fig 3:

Comparison of runoff separation results using the GROUND method with C = 0.075 and the digital
filter (DF1) with k = 0.99483 at Černičí, the subdrainage system S2, January-May 2000.

RESULTS AND DISCUSSION
The Kille method gave Qquick/Qtotal = 67.1 % for the Žejbro stream. The digital filter gave the same result
with k = 0.991525. The Kliner-Kněžek method indicated that Qquick/Qtotal = 86.9 % for the Černičí stream.
The digital filter gave the same result with k = 0.998135. In the absence of other information, we decided
to take an arithmetic average of the two k-values, namely 0.99483, for use with all data. The results of the
GROUND method and the digital filter method are given in Table 3, together with average runoff
coefficients over the period of separation. High runoff coefficients of subdrainage systems suggest that they
collect water from larger areas. With some reservation, the GROUND ratios can be interpreted as direct flow
/ total flow ratios, while the digital filter ratios can be understood as (direct flow + interflow) / total flow
ratios. The quick flow / total flow ratios as obtained by the two methods are mutually correlated (r2 = 0.717,
y = 0.894 x + 43.434, y being the digital filter results and x the GROUND results). On the average, direct
flow, interflow and baseflow represented 30 %, 40 % and 30 % of the total flow, respectively. This is
in agreement with environmental isotope studies, which indicate that under conditions roughly similar
to ours the direct flow portion lies between 10 and 40 % (cf. Chapter 6 in FRIEND, 1997).
The relatively low baseflow contribution obtained by the digital filter, as well as by the Kille and the KlinerKněžek methods, indicate that there is indeed a considerable part of the total runoff which is neither direct
runoff nor baseflow. Hence the use of the interflow concept is fully warranted. Otherwise the results show
significant variation from case to case. The results are presented graphically in Fig 4. While the low direct
runoff proportion found in Ovesná Lhota may be partly explained by the absence of winter months in the
data (this is also indicated in Table 3 by a relatively low runoff coefficient), similar results were also
obtained for the subdrainage system S2 in Černičí, which drains a perennial spring, and for the Kopaninský
tok stream. The Kliner-Kněžek method was independently applied to the Kopaninský tok stream (Kvítek et
al., 2001, unpublished). The discharge of a local spring was used instead of the groundwater table data.
The resulting slow flow percentage was 31 % (close to the 38 % obtained with the digital filter). High direct
runoff contributions were found for the subdrainage system in Křepelka, which is explainable by its upslope
location in absence of a perennial aquifer, and for the Kotelský potok stream which has a very narrow and
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elongated catchment, facilitating direct runoff. The twin catchment (Dolský potok) is similar in shape and
geology but its runoff pattern is modified by a few fishponds. In the Cerhovický potok catchment, a gradual
downstream decrease of both direct flow and baseflow can be observed. In general, the runoff patterns
of subdrainage systems are not notably different from those of surface streams (except for runoff
coefficients), suggesting that the runoff formation mechanisms in subdrainage systems are similar to those
in small streams.
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Fig 4:

Comparison of hydrograph separation results. Both the catchments and the subdrainage systems
(the latter denoted by D) are arranged in descending order in terms of the slow flow component
(i.e. baseflow). See Table 3 for the meaning of symbols.

Table 3: Results of runoff separation.
Catchment
(S = stream
D = subdrainage)
Cerhov. p. (S)
Cerhov. p. (S)
Cerhov. p. (S)
Černičí (S)
Dolský p. (S)
Kopan. tok (S)
Kotel. p. (S)
Žejbro (S)
Cerhov. p. (D)
Černičí (D)
Černičí (D)
Křepelka (D)
Ov. Lhota (D)

Code

Area
(ha)

CP/B1
CP/A1
CP/UPF
CE/P1
DP
KT/T7
KP
ZE
CP/S7
CE/S1
CE/S2
KR
OL/SCH6

315
736
898
142
478
669
321
4830
40.5
0.605
1.815
0.80
17.8

Qquick/Qtotal (%)
Runoff
Observation period
Digital
coeff. GROUND
filter
23.10.96-31.8.99 *)
0.18
35.4
66.0
23.10.96-29.11.00 §) 0.19
32.0
66.6
7.9.92-7.8.94
0.31
30.0
69.9
6.1.98-22.7.01
0.24
29.8
77.3
1.4.82-31.3.00 *)
0.19
35.6
78.6
26.6.91-31.10.00
0.18
23.0
62.0
1.4.82-31.3.00 *)
0.34
44.8
82.6
1.11.77-31.10.97
0.26
30.2
71.5
1.9.94-3.6.99
0.76
28.5
65.2
1.3.97-31.5.00
0.67
27.0
71.2
1.3.97-31.5.00
1.02
19.3
67.3
1.7.78-30.6.82 §)
0.42
45.0
87.5
1979-81, 83-91 +)
0.42
15.3
53.0

*) The gaps in data were omitted.
§) The gaps in data were filled by linear interpolation.
+) The data are only available for the growing season (1.4.-30.9.) of each year.
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CONCLUSIONS
Three runoff components were distinguished in stream and subdrainage hydrographs from small catchments
on crystalline rocks in the foothill zones of Central and East Bohemia. It is demonstrated that the differences
between individual catchments and the subdrainage system in terms of proportions of runoff components can
be explained with reference to local hydrogeology and geomorphology. In future work, the values
of the parameters k and C should be individualised for each hydrological unit in question, based
on independent calibration. The subdrainage runoff separation appears to be a suitable tool for recognising
whether or not the subdrainage system drains a perennial aquifer.

ACKNOWLEDGEMENT
This study was made possible by the RISWC programme MZE-M07-99-01, the National Agency
for Agricultural Research projects RE 5501, EP 096006150, EP 9155 and QC 0242, the Grant Agency of the
Czech Republic projects 502/95/0826 and 103/99/1470, the EU Copernicus project CIPA-CT-93-0241 and
other donors. Substantial contribution of all who measured and processed the data is gratefully
acknowledged. We thank Prof. Jiří Fídler and his colleagues (Czech University of Agriculture) for the
Křepelka data.

REFERENCES
Chapman, T. G., Maxwell, A. I. (1996) Baseflow separation - comparison of numerical methods with tracer
experiments. I. E. Aust. Natl.Conf. Publ. 96/05, 539-545. Cited after Grayson et al. (1996).
FRIEND - Flow Regimes from International Experimental and Network Data. Projects H-5-5 and 1.1, Third
report: 1994-1997. UNESCO, Paris, June 1997.
Grayson, R. B., Argent, R. M., Nathan, R. J., McMahon, T. A., Mein, R. G. (1996) Hydrological recipes:
estimation techniques in Australian hydrology. Cooperative Research Centre for Catchment
Hydrology, Clayton, Victoria, Australia, 125 pp.
Jain, S. K. (1977) Evaluation of catchment management strategies by modelling soil erosion / water quality
in EPIC supported by GIS. M.Sc. thesis, Galway, National University of Ireland, Department
of Engineering Hydrology.
Kille, K., (1970) Das Verfahren MoMNQ, ein Beitrag zur Berechnung der mittleren langjährigen
Grundwasserneubildung mit Hilfe der monatlichen Niedrigwasserabflüsse. Z. Deutsch. Geol.
Gesell.
Kliner, K., Kněžek, M. (1974) The underground runoff separation method making use of the observation
of groundwater table. (In Czech). J. Hydrol. Hydromech., 23, 5, 457-466.
Kulhavý, Z., Doležal, F., Soukup M. (2001) Separation of drainage runoff components and its use
for classification of existing drainage systems (In Czech). Vědecké práce VÚMOP Praha, 2001,
12: 29-52.

136

PROCESS-ORIENTED SUBDIVISION OF BASINS
TO IMPROVE THE PREPROCESSING
OF DISTRIBUTED PRECIPITATION-RUNOFF MODELS
F. Hellie, G. Peschke ✝, C. Seidler, D. Niedel
International Graduate School Zittau, Markt 23, D-02763 Zittau, Germany

ABSTRACT
Hydrological processes are characterised by a high degree of spatial variability. Therefore a spatial
subdivision of the basins has to be carried out in the preprocessing of distributed precipitation-runoff
models. To include more process knowledge into the simulation of runoff production and to overcome
the problem of overparameterisation a functional discretisation is necessary. Thus, an expert system
(XPS) was developed that allows a process-oriented subdivision of the basins. It offers the possibility
to identify spatial units with functional hydrological similarity focussing on the homogeneity of runoff
generation processes. In this publication the methodology and the structure of the XPS are presented and
a result of its application in a mesoscale basin is shown.

Keywords runoff generation, spatial distribution, regionalisation, expert system
INTRODUCTION
One of the fundamental qualities of the landscape is the regulation of runoff. The runoff generation processes
in a catchment are influenced by many different factors and thus, they are characterised by great spatial and
temporal variability. Knowledge about the spatial distribution of runoff components and their temporal
behaviour is an important basis for regional planning, water conservation, water projects and flood
forecasting. It is useful to solve different hydrological problems.
The classical discretisation is based on the tope-principle. Hydrological similarity is often defined only
by formal structural similarity based on relief, soils, land use and other geoparameters, and derived from the
overlay functions of the GIS. A large number of elementary discretisation units can arise. In the process
of up-scaling it is necessary to aggregate these units to reduce their number per se as well as the number
of parameters that have to be determined for the precipitation-runoff model. Here we investigate a method
for the subdivision of catchments functionally - based on the runoff generation processes.

METHODOLOGY
The required subdivision should be handled by methods of Artificial Intelligence because our knowledge
about runoff processes is gained to a considerable extent by empirical knowledge containing significant
uncertainties. Therefore an expert system was developed named XPS-FLAB (Peschke et al., 1999;
Zimmermann, 1999) as an instrument of regionalisation in order to identify process-related spatial units
with a dominant runoff generation process. We attached great importance to the quick runoff components
(Table 1). Basics of the knowledge-based system XPS-FLAB are generally available information, such as
maps of soil types, geological formations, land use, stream networks and a digital elevation model.
These data on geofactors and basin features represent fuzzy knowledge. To reach the desired goal
of a functional spatial discretisation, two steps are necessary:
1. GIS supported overlay of information to generate the smallest units with identical feature combinations.
2. Classification of these units and aggregation to areas with functional hydrological similarity (up-scaling).
The GIS solves the problem of data acquisition and management and generates the smallest spatial units
(topes) from the overlay of different geo-information. The knowledge-based XPS-FLAB represents process
understanding (semantic) and determines how a precipitation-runoff model should be parameterised
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for simulating basin runoff. Rules and facts evaluate the topes resulting from the GIS application considering
the runoff generation process (Fig 1). To derive this rule system we used our own long-time experiences
in hydrological experimental work (e.g., Etzenberg, 1998; Peschke et al., 1998; Müller and Peschke, 2000)
as well as the investigation results from other teams (e.g., Gutknecht and Kirnbauer, 1996; Kirnbauer and
Haas, 1998; Merz and Plate, 1997; Uhlenbrook, 1999; Tilch et al., 2002). Different feature combinations
may produce equal runoff components and the units with the same processes are aggregated and represented
in a map. Thus, the XPS is a module of qualitative evaluation and classification of landscape elements.
Furthermore it can be coupled with a distributed precipitation-runoff model for a quantitative description
of the basin. In a first step, the system indicates dominant processes under given conditions. If the input data
(e.g. precipitation features) or the state of the system (e.g. antecedent soil moisture or plant cover) were
changed, other processes would become dominant (Fig 3). Threshold values are used to consider this
variability, e.g. when the soil moisture surpasses a given value, the interflow process gains dominance or
when the precipitation reaches a specific intensity, infiltration gives way to quick overland flow.
INPUT
spatial varying input data from general available
information
a
a
a
a
a

DEM
soil types
geol. .formations
land use
stream network

FACTUAL
KNOWLEDGE

e.g:
soiltype: layers,
soil phys. parameters,
land use:
interception storage,
root depth

Combination of spatial varying input data
units with identical features

map of the distribution

example:
area slope soil type
land use
1
10° Podzol
woodland
2
5° Cambisol grassland

Assessment of data with rules
example:
if
and
and
than

List of results

area
1
2
..
n

Fig 1:

land use
= woodland
soiltyp
= Podzol (layers, k1 > k2)
slope = 20°
runoff process
=
delayed interflow

Map of spatial
distribution

List of results + facts
=list of parameters
for modeling

runoff process
interflow
saturation overl. flow
...
overland flow

kf-value,
porosity
......

Structure of the XPS-FLAB.
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Table 1: Quick runoff components considered in the XPS-FLAB
Runoff components

1

OVERLAND FLOW

1
2
3
4
5

2

SATURATION OVERLAND FLOW

1

3

INTERFLOW

4
5

DEEP PERCOLATION
NOT ASSESSED

Fig 2:

1
2
3
1

Specification of components
Sealed urban areas
Partly sealed urban areas
Rock areas
Areas with small infiltration
Hydrophobe responding areas
Overland flow from permanent saturated areas resp.
delayed saturating soils
Quick interflow
Delayed interflow
Strongly delayed interflow
Areas with mainly vertical water movement
The data cannot be assessed

Distribution of dominant runoff components in the Mandau basin.
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RESULTS AND CONCLUSIONS
Application of the XPS-FLAB in a mesoscale basin
The knowledge-based system XPS – still under development – seems to be an appropriate instrument
to identify spatial units on which a certain process of runoff generation dominates. It has already been used
for several basins with different basic information. As an example, its application in a mesoscale basin is
shown here. The Mandau basin (294 km2) is located in the eastern part of Germany at the border with Poland
and the Czech Republic (1/3 of the catchment area is in the Czech Republic). The altitude ranges between
230 and 800 m a.s.l. and the slopes reach up to 50%. Agricultural acreage (61%) dominates the land use,
only 27% of the area is forested and 11% are settlements. Large parts of the basin are characterised by loess
formations, silty soils with small infiltration intensities. Annual precipitation (650 mm) and annual
evapotranspiration (550 mm) are similar in magnitude.
Fig 2 shows the spatial subdivision of the Mandau basin created by the expert system. A DEM, maps of land
use, soil types and river network were available for the procedure. Together with integrated expert
knowledge, the XPS-FLAB was able to assess these input data regarding the runoff generation processes.
However this map shows only one possible situation dependent on the geomorphological conditions
in the basin. The dominant runoff generation process can alter with changing conditions. Every raster cell
has special, temporally less variable features, such as slope, soil type, land use etc., and these characteristics
influence the runoff processes strongly. But the actual dominant process finally depends on the degree
of ground cover, the soil moisture and the nature of the precipitation event. Therefore the dominance
of a process is variable and time dependent. Within the XPS-FLAB these changes are reflected by threshold
values that describe the transfer from one process to another. For instance, Fig 3 shows a rough example
of the differentiation of runoff components for a sloped field of luvic stagnosol and bare soil, two soil layers
with a higher hydraulic conductivity of the upper one. Hydraulic conductivity is used as a substitute
for infiltration intensity. Different potential reactions in the units are possible depending on antecedent soil
moisture and rainfall event characteristics. The results can be presented in maps of varying system states.
Besides the list and the map of the identified runoff components, the system generates parameter files for the
modeller.
Conclusions
The XPS-FLAB is a combination of strongly abstracted process modelling and the use of comprehensive
experimental experience (expert knowledge). The combination of both offers the possibility of analyses
based on spatial hydrological responses and on a discretisation of the investigated basin into units of equal
runoff generation processes. It enables spatial discretisation, parameter reduction and a process-oriented
justification of the parameters of a precipitation-runoff model. Therefore, scale transitions do not affect
the transformation of parameters. A change in land use, for example, requires a new evaluation
of corresponding spatial types by the XPS-FLAB, but not a new calibration. The area-related identification
of runoff components also characterises spatial origins of water and transport paths, thus, it is an important
basis for the consideration of the processes of transport of matter.
The developed Knowledge Based System can be enlarged with additional runoff processes if the generation
conditions are well known. It seems to be necessary to consider anthropogenic changes like drainages,
because they influence the runoff production strongly. In addition to that in the future other input information
like remote sensing data should be used in the rule system.
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RAINFALL-RUNOFF MODELS WITH PARZEN REGRESSION
R. Wόjcik, P. Torfs, P. Warmerdam
Wageningen University, Department of Environmental Science, Sub-Department Water Resources,
Nieuve Kanaal II, 6709 PA, Wageningen, The Netherlands

ABSTRACT
In this paper a black box technique for rainfall-runoff modelling on a daily scale will be discussed.
The following aspects: incorporation of memory, periodicity and non-linearity will be highlighted.
An application to the catchment of the Beerze in the Netherlands will be shown. It will be demonstrated that it is
feasible to model the runoff of a catchment with black box models, using rainfall data only.

Keywords non-linear black box models, rainfall-runoff process, Parzen densities, non-stationary time
series

INTRODUCTION
The rainfall-runoff process of a catchment involves “hydrological” memory, as rainfall (P(n)) is not
immediately transferred into discharge (Q(n)). A classical black box approach towards incorporating this
memory into a rainfall-runoff model (see e.g. Minns and Hall, 1996 and references therein) is to apply the
concept of delay reconstruction and then build the model using the following equation:
Q(n) = f(Q(n-τQ), Q(n-2 τQ), …, Q(n-K τQ),P(n), P(n- τP), P(n-2 τP),……, P(n-L τp))

(1)

where τQ, τP, K and L are delay reconstruction parameters and f (·) stands for a black box model.
This methodology, recently cast into the broader framework of non-linear systems theory (see Takens, 1981
and Casdagli, 1992 for theoretical background and Porporato and Ridolfi, 1997; 2001 or Silvakumar et al.,
2002 for hydrological applications), suffers from several technical flaws. Firstly, there is no straightforward
algorithmic way to find the optimal delay reconstruction given noisy non-linear time series, so usually
several subjective decisions concerning the choice of τQ , τP ,K and L must be taken. Secondly, if the number
of inputs on the right-hand side of (1) is large and the sample size is limited (as frequently happens in
practice) there might not be enough data points to populate the reconstructed input-output space and then
statistical models f (·) (both linear and non-linear) will show large uncertainty in the estimated parameters
and tend to overfit. In statistical literature this phenomenon is referred to as the curse of dimensionality
(Hastie et al. 2002). Finally, it is important to note that the discharge estimate Q(n) is always conditioned on
antecedent discharges. This restriction stems from the fact that in (1) the use of rainfall inputs alone would be
insufficient to calculate Q(n) with reasonable accuracy as pointed out by Minns and Hall (1996). So (1) is
actually a discharge prediction model which in the literature is sometimes mistakenly referred to as rainfallrunoff model. A considerable part of its predictive power (especially for daily and sub-daily time resolution)
is due to strong correlation of Q(n) with Q(n-τQ).
In this paper a new methodology that solves the above-mentioned problems is presented. It will be shown
that combining simple conceptual models with a black box model is an effective way of computing rainfallrunoff transformation based on rainfall information only.

INCORPORATING MEMORY INTO BLACK BOX MODELS – A CONCEPTUAL
APPROACH
The problem of accounting for a memory in statistical rainfall-runoff models can be tackled by using two
linear (parallel) reservoir models S1 and S2 of the form:
Si(n+1) = αi Si(n) + P(n)
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(2)

where Si(n) is the storage of ith reservoir and αi are identified by investigating the recession curves of the
discharge. The first reservoir accounts for slow processes involved in runoff formation such as fluctuations
in groundwater flow, changes in soil moisture etc., while the second reservoir accounts for fast processes
such as surface runoff. Combining measured rainfall input P(n) with storage functions of the reservoirs S1(n)
and S2(n) leads to a black box model of the following type:
Q(n) = f(P(n), S1(n), S2(n))

(3)

Catchments in temperate climate systems also show a clear yearly periodic pattern. This is mainly due to the
annual cycle in temperature, land use and evapotranspiration. If that extra information is not directly used in
the model (as we assume in this study), the basic approach would therefore be to fit a model (3) for every
day:
Q(n) = fd(n) (P(n), S1(n), S2(n)) (4)
where d(n) stands for the day number of time n. This multiplies the number of parameters by a factor 365,
which makes it as such inapplicable. Therefore, the use of an artificial input is proposed:
t(n) = sin(ω (n+nf))

(5)

where ω = 2π /365 and nf is an appropriately chosen phase constant. Inclusion of this input into (3) yields:
Q(n) = f(P(n), S1(n), S2(n), t(n))

(6)

By letting f (·) to be a universal function approximator, the form of t(n) is not so important, i.e. other forms
that account for certain periodic components present in data can be used as well.
In this paper, a rainfall-runoff model of the type described by (6) will be shown to be an attractive alternative
to the type described by (1). As f (·) we will use the Parzen regression technique. Fig 1 illustrates this new
way of rainfall-runoff modelling schematically.

Fig 1:

A new methodology for incorporating “hydrological” memory into statistical rainfall - runoff
models.

PARZEN REGRESSION
Parzen (Parzen, 1962; see also Silverman, 1986 and Wand and Jones, 1995) used the sum of Gaussian
densities to approximate arbitrary densities, as shown in Fig 2. To fit a Parzen density to the joint inputoutput sample, a maximum likelihood principle was used, but with a new twist being an inclusion of an extra
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penalty term that prevents degeneration of the Parzen density in question and controls locality of the fit. The
maximised fitting criterion Λ can then be written as:
Λ = L – γ dKL(P;G)

(7)

where L denotes the likelihood function, γ is the locality constant and dKL(P;G) is the average KullbackLeibler distance (see Kullback, 1959) between components of the Parzen density P and reference Gaussian
density G. Once the optimal value of γ is found by a validation procedure and the density is fitted to the
inputs and outputs, conditional means and standard deviation bands can be calculated, as depicted in Fig 3.

Fig 2:

A one and two dimensional example of Parzen densities (in both cases as the sum of three Gaussian
components).

Fig 3:

The steps involved in Parzen regression: first a Parzen density is fitted to the data, then conditional
densities are estimated, from which mean and e.g. confidence intervals may be extracted.

DATA AND RESULTS
The rainfall and runoff data used for regression experiments in this study are a sequence of daily values
registered at the Beerze catchment in the Netherlands over a period of 8 years (January 1980-December
1987). The catchment area covers 240 km2 and the mean annual rainfall is about 800 mm. The data set was
divided into three parts: a calibration set, a validation set and a testing set. The parts consisted of 3 years, 2
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years and 3 years of daily records respectively. The calibration set was used to fit regression models, the
validation set was used for selection of model parameters, and the testing set was used for assessment of the
final chosen models. Two types of models f(·) in (6) were considered: a linear regression model and a nonlinear Parzen regression model.

Fig 4:

Performance of non-linear and linear regression technique on the testing set.

Fig 4 shows the testing results for both types of models. It can clearly be seen that the non-linear model
performed better. Apart from the visual judgement, we also calculated normalised mean squared error for the
testing set. This error was always lower for Parzen regression. The strong point of the non-linear model is
that apart from discharge estimates, extra information in the form of conditional Parzen densities is available.
Fig 5 shows a segment of the testing set for which several such conditional densities are plotted together with
the conditional mean (estimated discharge), standard deviation bands, and measured discharge. It is
interesting to see that there are three cases (designated as A, B and C) for which the conditional density is
bimodal. The reason for that kind of behaviour might be that the mapping of rainfall into runoff is not
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exactly functional, i.e. the same values of rainfall are sometimes associated with different values of runoff.
Therefore, the mean and the standard deviation have to be interpreted through these two modes.

Fig 5:

X-Y plane: Parzen regression on a segment of the testing set with error bands given by standard
deviations; Z-plane: conditional densities.

CONCLUSIONS
1. The use of conceptual reservoir models solves efficiently a memory incorporation problem for statistical
rainfall - runoff models.
2. The Parzen regression model performed better as a rainfall-runoff transformation tool than the linear
regression model.
3. In addition to runoff estimates, Parzen regression offers other results that can be useful for the modeller:
standard deviation error bands, full conditional density. All these concepts have their standard
probabilistic interpretation.
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ABSTRACT
The vertical component predominates in the water balance of lowland swampy catchments. The one-dimensional
mathematical model developed here couples a description of the following processes taking part in the vertical
migration of water: land evaporation, interception on plant canopy, infiltration and soil moisture changes in the
unsaturated zone. These processes are handled as a background for the migration of solutes to the groundwater
table. Every part of the model describing individual processes is physically based and related to another part
by input-output parameters. The identification of model parameters was performed in the Pożary basin in three
selected representative plant-soil columns: in wetlands, dunes and in the transitional zone between wetlands and
dunes. The model was tested using chloride ion as an example. This paper presents the results of modelling
over a short summer period. It was found that the greatest role in summer recharge is played by long lasting
intense precipitation episodes. Precipitation is also the main source of chloride ions in the basin. Since the results
were considered to be quite good, it is possible to use the model for the simulation of water and solute vertical
transport in swampy basins.

Keywords mathematical model, water and solute vertical transport, interception, infiltration, soil
moisture changes, unsaturated zone
RESEARCH GOALS AND STUDY BASIN
The goal of this research is to implement and test a mathematical one-dimensional model for the vertical
migration of water and chemical substances in the Pożary lowland swampy basin located in central Poland
within the Kampinos National Park. Because vertical water migration dominates in these types
of catchments, its detailed description can answer many questions related to the water balance and
circulation of chemical substances in the Pożary basin. This paper presents the first results of modelling.
In this phase of the project, the migration of an exemplary ion (chloride) in three selected representative
plant-soil columns was modelled.
The Pożary basin is part of the Łasica River catchment, a right tributary of the Bzura River. Most of the
basin is protected within the Kampinos National Park. The total area of the Pożary basin to the streamflow
gauge at Józefów is 20,17 km2 of which 7,01 km2 is blind drainage area, that is area without surface runoff
(Fig 1). Nearly 90% of the basin area consists of land with 0% inclination or slightly larger. The whole area
of the Pożary basin consists of Quaternary sediments. Loose sands and weakly loamy sands dominate
(49.4% of the whole basin area). Peat covers 27.2% of the area in depressions filled with organic sediments.
Pine forest is dominant among vegetation communities found on sandy formations (20.3%). In hydrogenic
landscapes the most characteristic community is alder wood with currant (16.1%) and lowland bog (12.0%).
There are meadows and deciduous forests in the transitional zones between the dunes and lowland bog areas.
During the period of 1994-2000, average annual temperature was +7.7°C and average annual measured
precipitation was 569.2 mm (Zintegrowany Monitoring 1999). In the central part of the Pożary basin
the groundwater table is very close to the surface throughout most of the year. In periods of intensive
precipitation the groundwater table rises above the terrain level, flooding wide areas. A detailed lithological
survey enables us to state that there is one main aquifer in the area of the Pożary basin and its thickness
reaches more than a dozen meters (Kazimierski et al.,1995).
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MATHEMATICAL MODEL STRUCTURE
The one-dimensional model of the vertical migration of water and chemical substances in the plant-soil
column describes processes at the interface between the atmosphere, biosphere and pedosphere (Fig 2).
The proposed mathematical model uses physically based parameters. This means that all its parameters have
an unequivocal physical sense and may be estimated by direct field measurements (Soczyńska, 1997).
All processes are examined in a 24-hour time step. The model input data is the daily sum of liquid
precipitation and its chemical composition in the form of ion concentration in water measured in mg dm-3.
Precipitation is an input to the mathematical model and reliable data about the daily totals are fundamental
for the proper functioning of all the modules. The rain gauge measuring method applied at meteorological
stations and posts creates serious difficulties with the evaluation of the real sums of water reaching
the ground. A method developed by Kowalczyk et al. (1978) was used to calculate the corrected precipitation
in the Pożary basin. The daily corrected precipitation totals are input data for the model of plant cover
interception, and are calculated according to the following formula:
Pr = 1.135 (P1 + 1)0.165 + P1 + k1 - 1 [mm d-1]
(1)
where: P1 - daily precipitation total measured at a height of 1 m (mm), k1 - calculated precipitation loss
caused by rain gauge collector surface moistening (mm), Pr - corrected precipitation total (mm).
Due to the lack of sufficient data for the calculation of daily totals of land evaporation, a method that does
not require data such as radiation balance had to be selected. The best results were obtained by the
Konstantinov method. This method is based on a nomograph relating the measurements of land evaporation
to air temperature and water vapour pressure (Konstantinov, 1968). Measurements of only those two
meteorological parameters are necessary in order to use this method. An adaptation of the Konstantinov
nomograph to Polish conditions was made based on numerous research studies done in the 60’s
(Cetnarowicz, 1961; Mikulik, 1961; Dębski, 1963).
A mathematical model developed by Fleming (1975) was applied to describe the flora interception process.
Flora characteristics used in this model are stand density (Dc) representing the relation between the vertical
projection area of tree crowns and total forest area, and the maximum interception storage capacity (Smax).
These are functions of the composition and development stage (age) of flora species. The interception
increment (∆S) over a time step may be described by a simple equation:
∆S = Pr·Dc-Et
(2)
where: Et - evaporation (mm).
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Throughfall (Z) is calculated as follows:
Z = Pr·(1-Dc)
(3)
The interception retention surplus (T) is estimated according to the conditional equation (Soczyńska, 1997):

(S (ti −1 ) + ∆S (ti ) ) ≥ Smax
S (t ) + ∆S (ti ) − Smax 
T =  i −1
when
(S (ti −1 ) + ∆S (ti ) ) < Smax
0



(4)

where: T - interception surplus (mm), S(ti-1) - interception storage at time ti-1 (mm), ∆S(ti) - interception
storage increment over the time interval between the (i-1)-th and i-th time instants (mm), Smax - maximum
interception storage capacity (mm).

METEOROLOGICAL PARAMETERS (DAILY
t - air temperature ( C)
VALUES)
e - water vapour pressure (hPa)

PHYSICAL
PARAMETERS ATMOSPHERIC
DEPOSIT
OF WATER
MIGRATION (CONDENSATION)

PHYSICAL
AND
CHEMICAL
PARAMETERS
OF SOLUTES

LAND
EVAPORATION
Et

PRECIPITATION
P

Pc

CHEMICAL
COMPOSITION
OF
PRECIPITATION
WATER:

CORRECTION
CORRECTED PRECIPITATION
Pr

INTERCEPTION
OF PLANT
COVER

pH
1-1
χµ
(S cm)
concentrations
(mg 1-3
dm):
NH4
NO
3
Cl
So4
Na
K
Ca
Mg
INFILTRATION Fe total

INTERCEPTION
OF PLANT COVER
Smax
INTERCEPTION
SURPLUS (T )

Dc (-)
Smax
(mm)

NET PRECIPITATION
Pg
INFILTRATION
OF WATER
INFILTRATION
1-1

I(cm d)
θp (-)

FOKKER-PLANCK
HYDRODYNAMIC
DIFFUSION EQUATION

(-)

0

C

T

θr (-)
α (-)

3-1

M

µs (1 d)-1
z

z

Soil moisture
profiles
in subsequent
time steps
h (cm)
depth to
groundwater table

ADSORPTION

DECAY
µw (1 d)-1

1-1

K(cm
d)
s

ρ (g1-3cm)
a (cm)
b (cm)
2-1
d (cm d)

ks(cm g)

h

n (-)

1-3

c (mg dm)
1-3
c0(mg dm)
DISPERSION

∂ cθ + ρS ∂  ∂c

= θDs − qc −
∂t
∂z  ∂z

− µwθc − µs ρS + γ wθ + γ s ρ

θ

0

ADVECTION-DISPERSION
EQUATION

SOIL
PROFILE

∂θ
∂
∂θ
=  D (θ )
− K (θ )
∂t ∂z 
∂z


h (cm)
θΦ
s =

OF SOLUTES

Ps

Solute concentration
profiles
in subsequent
time steps

MODEL VERIFICATION
ON THE GROUND
OF FIELD MEASUREMENTS

PRODUCTION
γw (1 d)-1
γs (1 d)-1
Ci - concentration
of solutes
in groundwater

See text for explanations of symbols

Fig 2:

Structure of the one-dimension mathematical model of the vertical migration of water and chemical
substances in the plant-soil column.

The sum of the interception surplus and throughfall reduced by the evaporation sum is equal to net
precipitation (Pg). It is the output from the vegetation cover interception module and the input to the soil
infiltration module and to the transport of the chemical substance in the unsaturated zone, calculated
on a daily time step.
The mathematical model developed by the Academy of Agriculture in Wrocław (Szulczewski, 1990) was
used to describe the water and solute migration in the unsaturated zone. Soil moisture changes are evaluated
using the Fokker-Planck differential equation (5). The dependence of the soil water diffusivity (D),
unsaturated hydraulic conductivity (K), and soil water matrix potential (or pressure head) (h) on soil water
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content (θ) has been modelled after Van Genuchten (1980). This dependence is described by the parameters
θr, θs, α, n and Ks. The Fokker-Planck equation reads:

∂θ ∂ 
∂θ

=  D(θ )
− K (θ )
∂t ∂z 
∂z


(5)

where: z, t - independent variables: space (L) and time (T), θ - actual volumetric water content (L3 L-3), D(θ)
- soil water diffusivity (L2 T-1), K(θ) - unsaturated hydraulic conductivity (L T-1).
The description of soil moisture changes by the Fokker-Planck equation requires some simplifications:
• the soil profile is a non-deformed and isotropic medium,
• the flowing flux of liquid is of constant density,
• during modelling there are no water phase changes,
• the flow takes place at a virtually constant temperature,
• water uptake by plants is omitted.
For z = 0 (top of the soil profile), Szulczewski’s model allows the use of the boundary condition of Dirichlet
as well as that of Neumann, but for z = L (bottom of the soil profile) the no-flow Neumann condition is used
(q(t) = 0). The solution of the Fokker-Planck equation is used to determine the pore water velocity (v) and
the soil water content (θ) which are necessary for the parallel modelling of solute transport in the soil.
The application of the model is limited to situations when the wetland is not fully saturated (summer dry
period).
To model the solute transport, the advection-dispersion equation (Maciejewski, 1998) was used (6). It is
a differential equation included in a system of equations together with the Fokker-Planck equation:

∂ (cθ + ρS ) ∂ 
∂c

= θDs
− qc  − µ wθc − µ s ρS + γ wθ + γ s ρ
∂t
∂z 
∂z


(6)

where: c - concentration of substance per unit volume of solution (M L-3), S - adsorption coefficient (M M-1),
which was taken in the form S =ks⋅c , ks = const., Ds - dispersion coefficient (L2 T-1), q - volumetric flux
of water q = v · θ (L T-1), ρ – soil bulk density (M L-3), µw, µs - constants characterising substance decay
(first-order reactions) in fluid and solid phase respectively (T-1), γw, γs - constants characterising substance
production (zero-order reactions) in fluid and solid phase respectively (T-1).
According to Maciejewski (1998), the dispersion coefficient Ds is dependent on soil water content and pore
water velocity in the soil:
Ds = (-aθ+b)v + d
(7)
where: a, b, d - constants describing variability of the dispersion process (cm) equal to the longitudinal and
transverse dispersivity and molecular diffusion respectively.
The Dirichlet or Neumann boundary conditions can be taken for (6) at the top of the soil profile (z=0).
At the bottom of the profile the zero concentration gradient was taken, which in the case of no water flow
means no flow of solute. The concentration distribution of the modelled substance in the soil profile,
in individual time steps, is found by solving the hydrodynamic dispersion equation.

IDENTIFICATION OF MODEL PARAMETERS AND INPUTS
For the model to properly reflect the physiogeographical conditions in the Pożary basin, it was necessary
to choose representative plant-soil columns. After a detailed analysis, 13 representative plant-soil columns
were selected, based on soil type, real vegetation type and the thickness of the vadose zone (Fig 1).
For the needs of the present paper, the migration of the chloride ion in three research profiles (Fig 1):
IV (swamp), II (transition between swamp and dune areas) and P1 (dune) have been selected as an example.
The modelling period was chosen between 3 June and 18 June1999.
In 1998, Kruk developed relations between the type, age and species composition of forest assemblages
on the one hand and the parameters of the interception process in the Łasica catchment on the other hand.
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Table 1: Physical parameters of the interception process in selected representative
plant-soil columns in the Pożary basin (according to Kruk 1998).
Profile

P1
II
IV

Type of assemblage

Dominating
species

Unclassified assemblage of pine forest and mixed
oak-pine forest (association Dicrano-Pinion)
Meadow (Arrhenatheretum elatioris)
Alder wood (Ribo nigri-Alnetum) juvenile form

Pine (Pinus
silvestris)
Alder (Alnus
glutinosa) 70%

Age Stand
Maximum
(years) density interception storage
Dc (-)
capacity
Simax (mm)
40
1
3.2
20

1
0.89

1.1
3.07

This enables a quick estimation of these parameters based on the analysis of forest stand maps (Tab. 1).
In the case of non-forest communities, the data from literature was used (Soczyńska, 1997).
In order to describe the soil water flow process, it is necessary to estimate the physical parameters of the soil.
The set of parameters included in this model required field research. Bulk density and saturated water
content were determined by laboratory analyses of soil samples (Tab. 2). The grain size distribution curves
were used to calculate saturated hydraulic conductivity according to the so-called American formula (Pazdro
and Kozerski, 1990):
Ks = 0.36 d202.3 (cm1 s-1)
(8)
where: d20 - the effective diameter (in mm) of particles, such that 20 % of the soil mass is composed
of particles smaller than d20.
Table 2: Physical parameters of the infiltration process in selected plant-soil columns
in the Pożary basin, estimated from field surveys.
Profile Type of
material
P1
II
IV

sand
sand
peat

Saturated Bulk density
Saturated
hydraulic
ρ (g1 cm-3) volumetric water
conductivity
content (porosity)
Ks (cm d-1)
θs=Φ (-)
404.67
1.528
0.369
335.54
1.409
0.372
69.98
0.215
0.836

Van Genuchten’s Volumetric water
soil parameters
content at
(-)
permanent wilting
point (pF4.2) θr (-)
α
n
0,0112 1,364
0.011
0,0117 1,363
0.011
0,0133 1,261
0.255

The volumetric water content at pF 4.2 (residual water content, taken as equal to the wilting point) was
estimated according to the formula proposed by Ślusarczyk (1979):
WTW = 0,709+0,386 X
(9)
Where: WTW - residual water content (at pF 4.2), X - content of soil fraction below 0,002 mm (clay) in %.
In the case of peat soil, the residual water content was determined in the laboratory.
The Van Genuchten parameters α (α>0 (-)) and n (n>1 (-)) were estimated using relations given by Rawls
and Brakensiek (1982), based on soil porosity and the content of sand and clay. The dispersion coefficient
according to (7) is described by 3 parameters a, b and d. The values of a and b were taken after Maciejewski
(1998) as: a = 0.2 cm, b = 0.1 cm. The value of d = 0.17 (cm2 g-1) was taken according to research
by De Smedt et al. (1981). The parameter ks (cm3 g-1) represents substance adsorption in the soil and
is otherwise called the equilibrium constant. In the case of an ideal migrant, thus a non-adsorbed substance
or ion, ks = 0. The ks coefficient for the chloride ion was estimated as 0.05 cm3 g-1. The remaining model
parameters (µw,, µs, γw,, γs ) describing substance (ion) degradation and production in the soil were assumed
equal to 0, because the chloride ion does not decay in the soil and is not produced either. The initial soil
water content (θp (-)) and the thickness of the unsaturated zone (h (cm)) were obtained by field surveys.
It was assumed that the initial concentration of chloride c0 (mg1 dm-3) was constant and equal to 0 in the
unsaturated zone and a concentration greater than 0 was only present within the aquifer. Initial soil water
content and chloride concentrations are shown in Figs 3, 4, and 5 as the curves with time equal to zero.
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The input variables to the infiltration and solute transport model were the net precipitation (Pg) intensity
on the ground surface I (cm d-1), the chloride ion concentration in precipitation water c (mg1 dm-3) and the
daily totals of land evaporation Et (cm d-1). Precipitation data were obtained from the Granica meteorological
station (Fig 1). Measurement results were corrected in order to obtain Pr according to formula (1) (Tab. 3).
A chemical analysis of precipitation water at the station in Granica was made once a month in a collective
sample test (from the whole month). Therefore, it was assumed that the concentration of individual ions
is constant within one month. In the modelling period, the chloride ion concentration in precipitation water
was 0.2 mg Cl- dm-3 in June 1999 (Tab. 4). The daily totals of land evaporation as mentioned above were
calculated using the Konstantinov method, based on meteorological data from the Granica station: daily
mean air temperature and water vapour pressure (Tab. 3).
Table 3: Daily corrected precipitation (Pr) and land evaporation (Et) totals at the Granica station and
net precipitation in profiles IV, II and P1 in the period from 1 June to 18 June 1999.
Date
1.06
2.06
3.06
4.06
5.06
6.06
7.06
8.06
9.06

Pr
Et
(mm/d) (mm/d)
0.0
0.0
7.5
14.1
0.0
0.0
0.3
11.5
0.0

3.5
3.4
3.1
2.3
3.3
3.4
3.9
2.7
3.6

IV

Pg (mm/d)
II
P1

0.00 0.00
0.00 0.00
4.38 4.38
10.98 11.73
0.00 0.00
0.00 0.00
0.00 0.00
8.42 8.78
0.00 0.00

Date

0.00
0.00
4.28
10.95
0.00
0.00
0.00
8.29
0.00

10.06
11.06
12.06
13.06
14.06
15.06
16.06
17.06
18.06

Pr
Et
(mm/d) (mm/d)
0.0
30.4
8.4
10.8
5.1
1.7
0.3
26.6
3.3

3.6
3.3
1.2
2.8
1.5
1.5
2.6
1.0
2.1

IV

Pg (mm/d)
II
P1

0.00 0.00 0.00
27.07 27.07 27.70
5.34 7.18 5.21
7.96 7.96 7.96
2.02 3.56 1.89
0.19 0.21 0.16
0.00 0.00 0.00
23.58 25.55 23.45
1.16 1.16 1.16

Table 4: Chloride ion concentration in precipitation water at the Granica station in 1999.
Month
Concentration
(mg Cl- dm-3)

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

2.3

1.8

1.5

0.8

0.5

0.2

0.6

0.8

0.8

1.0

2.0

2.2

RESULTS
The calculated soil moisture distribution in the swamp profile (Fig 3a) shows a strong sensitivity to rainfall
totals. There was a large rainfall event (10.98 mm) on the second day after the beginning of the simulation.
The soil immediately reached full saturation (θ = 0.836) and water started to collect on the ground surface.
This can be seen in the calculation results. A decrease of soil moisture over the first day was caused
by the absence of precipitation. In the case of the chloride ion concentration, a decrease in the lower part
of the profile is related to a small content of chloride in the precipitation water. The measured concentration
in the groundwater, which initially was equal to 10 mg Cl- dm-3, decreased to 7 mg Cl- dm-3. The modelling
result was 8 mg Cl- dm-3 (Fig 3b), which agrees quite well with the measurement, taking into consideration
a very small input of chloride with precipitation. The increase of the chloride concentration in the upper soil
layers must be a numerical modelling artefact because the boundary conditions adopted did not make any
upward flow possible.
In the transitional soil profile II (Fig 4), the measured groundwater level during the period of 14 days raised
from 72 to 59 cm b.t.l. (below terrain level). The daily precipitation total once even exceeded 20 mm.
The initial soil moisture content above the capillary fringe zone was about θ = 0.275. The measured chloride
ion concentration in the groundwater was quite high at the beginning (27 mg Cl- dm-3) but it drastically fell
during the 14 days (to 8 mg Cl- dm-3). This was due to little chloride supply with the precipitation water and
due to the effect of the previous period, when the chloride ion concentration both in the soil and in the
precipitation water was higher (Tab. 4). The calculation results show quite a strong reaction to precipitation
154

of overdried soil in terms of the soil moisture content (Fig 4a). High daily precipitation totals have
an immediate effect on the top soil layer to a depth of about 70 cm. The calculated groundwater level
at the end of the modelling period is 3 cm higher than the measured one. The chloride ion concentration
in the soil shows variability only in the saturation zone (Fig 4b). Above the groundwater table,
concentrations are very small as a result of the low chloride content in precipitation water and quick ion
migration in the soil. The calculated chloride ion concentration at the end of the simulation period
in the unsaturated zone is 0.5 mg Cl-dm-3 higher than the measured value.
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Fig 3:

Results of soil moisture distribution (a) and
chloride ion concentration (b) modelling
in profile IV during the period 3-4 June
1999 (time in hours).
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Fig 4: Results of soil moisture distribution (a) and
chloride ion concentration (b) modelling
in profile II during the period 3-18 June 1999
(time in days).
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Results of soil moisture distribution (a) and chloride ion concentration (b) modelling in profile P1
during the period 3-18 June 1999 (time in days).
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The dune profile (P1), 280 cm thick, was the deepest of the analysed soil profiles. Initially the whole profile
was strongly overdried and water content was close to the permanent wilting point (θr = 0.011), whereas
the groundwater table was measured at 258 cm b.t.l. Quite a large precipitation event in the period from
3 June to 18 June 1999, exceeding 27 mm/d, caused the water table to rise to 250 cm b.t.l. The measured
chloride ion concentration in the groundwater did not vary in time, staying constant at 14 mg Cl- dm-3.
In the top soil layer, due to abundant precipitation, a strong variability in water content was observed
(Fig 5a). The results show that water migration in this profile, composed of loose sands, is very fast and
after intense precipitation a state close to saturation can be observed in the top layers. Below 100 cm,
the percolating water is only partially able to replenish the soil moisture deficiency. The calculated
groundwater level at the end of simulation is about 7 cm higher than the measured level. Changes
in the calculated chloride ion concentration are only visible in the top soil layer, which is clearly a result
of the ion’s small concentration in precipitation water (Fig 5b). The calculation results show that the chloride
ion concentration in the middle part of the profile nearly always approach zero. The highest calculated
chloride concentration occurred in the lower part of the profile and slightly changed over the modelling
period (it decreased from 14 mg Cl- dm-3 to about 13 mg Cl- dm-3). The difference between the calculated and
measured concentration in groundwater at the end of simulation is about 1 mg Cl- dm-3.

CONCLUSIONS
The modelling results confirm the presumptions concerning the basic rules governing water circulation
in the Pożary basin:
• Because of favourable infiltration conditions in the dune area, and less favourable conditions
on the wetlands, the dune zones are the main place of groundwater recharge in the basin.
• The greatest role in the summer recharge of groundwater is played by long lasting intense
precipitation, which causes an immediate reaction of the swamp area groundwater. Precipitation
events with intensities less than 4 mm/d cause no reaction of the groundwater, because during the
summer period evaporation is very high.
• The main source of chloride ions in the basin is precipitation water. The chloride concentration
in groundwater decreases as soon as a reduced chloride load in precipitation water is observed.
• The influence of chloride concentration variability in precipitation water on chloride content
in groundwater decreases with depth. The most visible reaction takes place in relatively shallow sandy
profiles (II).
The presented mathematical model of water and solute transport in the vertical plant-soil column may
be applied in various other catchments where groundwater is shallow and the vertical components of water
flow and solute transport in the saturated zone are negligible. An attempt to apply this model in a wetland
area shows that it is also possible to use it there, even if the unsaturated zone is not very thick. The only
limitation for the application of the presented mathematical model seems to be the availability of data and the
proper identification of model physical parameters.
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ABSTRACT
Three original measuring techniques are presented in this paper. Radioactive tracer techniques can be used
for in-situ measurements of the solute (contaminant) velocity, the longitudinal dispersion coefficient
and bypassing ratio, as well as for laboratory measurements of the solute (contaminant) sorption, distribution
coefficient and partitioning among individual fractions of studied soil. The retardation factor of a contaminant
can be estimated from the breakthrough curves measured in a laboratory on the undisturbed soil column
with the System of European Water Monitoring (SEWING) developed in the 5th EC Framework Programme
Project IST-2000-28084.

Keywords radioactive tracer techniques, FET sensors, contaminant hydrology
INTRODUCTION
The water issue is set to become one of the major questions of the 21st century. The world’s water problems
arise not so much from a shortage of freshwater as from its uneven distribution, from ever-increasing
demand, and from practices detrimental to water quality (Falkenmark et al., 1999). Preferential flow of water
and chemicals contributes substantially to contaminant transport under field conditions (Jury and Fluhler,
1992; Cislerova et al., 2002). The aim of this paper is to present three original measuring techniques that can
serve to measure the quantities connected with preferential movement of water and contaminants
in structured soils.

MATERIAL AND METHODS
The Danubian Lowland is a large (1260 km2) agriculturally utilised area, with a shallow (0.5–3 m)
underlying aquifer. Three different soils from this region were studied. A light soil was sampled
in Kalinkovo (loamy-sand soil, Calcaric Fluvisol (WRB, 1998)), a medium heavy soil in Macov (loamy soil,
Calcari-Haplic Chernozem (WRB, 1998)), and a heavy soil in Jurova (clay soil, Calcari-Mollic Fluvisol
(WRB, 1998)). Basic characteristics of the soils used in this study are presented in Table 1 (Fulajtar et al.,
1998). The quality of humus is assessed by the ratio of humic acids to fulvic acids content (HA/FA).
A radioactive tracer technique was used to measure freshwater contaminant relative concentration vs. depth
distributions in a soil, with radioactive iodine isotope 131I- as the tracer of non-reactive fertilizer transport,
and radioactive cadmium isotope 115Cd2+ as the tracer of cadmium transport in the studied soils. The probe
(Fig 1) consists of a duralumin tube (3) in which a Geiger-Mueller (G-M) detector and analog interface unit
(1), connected to the nuclear analyser (2) with coaxial cable, can be placed in any desired position. The tubes
(10-mm O.D., 8-mm I.D., and 1500-mm length) are inserted vertically from the soil surface into holes made
by a 10-mm-diametre steel rod into the soil below the 1-m2 square infiltrometer (4). Conical soil sealing (5)
made for each vertical probe prevents water from penetrating next to the probe, as was proved by a dye test
with Methylene Blue. Owing to its small size (21-mm length and 6.3-mm O.D.) the G-M detector can be
considered as a point detector. The bypassing ratio (partition of water and solutes between the macropore
domain and the matrix domain) and an impact of land-use change on nutrient fluxes in a structured soil were
also measured in this region using radioactive tracer techniques (Alaoui et al., 1997; Lichner, 1997;
Lichner et al., 1999).
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The conventional (Selim et al., 1992; Cipakova and Mitro, 1997) and modified batch technique (Lichner and
Cipakova, 2002) serve to measure the sorption of contaminants on soil particles and to estimate
the distribution coefficient Kd. In this paper, the results of Cd sorption and its relation to the duration
of Cd-soil interaction are presented. The radioactive cadmium isotope 109Cd was used as a tracer of cadmium
behaviour in soil because of its easy and fast detectability. Each sorption experiment involved 10 g of soil
(< 2 mm particles), 40 ml of distilled water, and cadmium 109Cd (in the form of CdCl2) with a concentration
of 50.9 mg.l-1 and specific activity a0.
Table 1: Particle size distribution, mineral composition of the clay fraction and selected chemical
properties of the soils used in this study (Fulajtar et al., 1998).
Soil studied
≥ 0.25 mm (%)
0.25–0.05 mm (%)
0.05–0.01 mm (%)
0.01–0.001 mm (%)
≤ 0.001 mm (%)
≤ 0.01 mm (%)
Illite (%)
Chlorite (%)
Smectites (%)
Calcite (%)
Dolomite (%)
Quartz (%)
pH (H2O)
pH (KCl)
CaCO3 (%)
Cox (%)
Humus (%)
HA/FA

Kalinkovo
6.0
55.8
22.5
10.2
5.5
15.7
60–80
10–20
5–10
2–5
1–3
2–5
7.8
7.4
27
0.8
1.4
0.6

Macov
0.9
36.1
28.8
19.9
14.2
34.2
60–80
10–20
10–20
2–5
1–3
1–3
8.0
7.7
26
1.4
2.4
1.6

Jurova
1.5
11.4
27.8
37.3
21.9
59.3
50–70
10–20
10–20
2–5
1–2
1–3
8.6
7.4
16
2.2
3.8
1.8

In the conventional batch technique, the soil, water and cadmium were placed into a 100-ml polyethylene
bottle and shaken for 5 s. Then a 5-ml sample of eluate was taken 1 min after shaking, centrifuged, and the
specific activity a of the 109Cd in aqueous phase was measured with a multichannel gamma spectrometer with
Ge/Li detector. The measurements took 10–60 minutes depending on the measured specific activity. The Cd
sorption S on all the soil particles, and the distribution coefficient Kd were calculated
from the equations:
S = (a0 – a)/ a0

(1)

Kd = (V/m) (a0 – a)/ a

(2)

The same procedure was chosen for the 2-, 3-, 5-, 10-, 30-, and 60-min durations of Cd-soil interaction.
The modified batch technique is identical to the conventional batch technique, except for centrifuging.
Therefore, the 109Cd in aqueous phase and that adsorbed on the soil particles < 10 µm occur in the 5-ml
sample of solution taken 1 min after shaking. The specific activity a’ was measured for 90 seconds with
a multichannel gamma spectrometer with Ge/Li detector. Cadmium sorption S’ on the clay particles
< 10 µm, which did not settle on the bottom of a polyethylene bottle in one minute after shaking, and the
modified distribution coefficient Kd’ were calculated as follows:
S’= (a’ – a)/ a0

(3)
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Kd’= (V/m) (a0 – a’)/ a’

(4)

A similar procedure was chosen for the 2-, 3-, 5-, 10-, 30-, and 60-min durations of Cd-soil interaction
with one essential difference: 1 min before taking the sample of eluate, the mixture was shaken for 5 s.
Time t = 1 min, in which all the particles > 10 µm settle on the bottom of a bottle, was calculated
according to Stokes law:
v = l/t = 2 g r2 (ρs – ρw)/9 η

(5)

where: v – velocity of the soil particle in water, l – path, t – time, g – gravitational acceleration, r – radius
of the soil particle, ρs – density of the soil-water mixture, ρw – density of water, η – dynamic viscosity of
water.

Fig 1:

Schematic arrangement for radioactive tracer technique.

The retardation factor R is equal to the ratio between the time that a reactive and a non-reactive solute needs
to travel a given distance in the soil. It is related to the distribution coefficient Kd by
R = 1 + ρ Kd / θ

(6)

where ρ is soil dry bulk density and θ is volumetric water content.
The retardation factor R can be estimated from the breakthrough curves of the studied reactive and
non-reactive solute. The breakthrough curves could be measured in a laboratory on the undisturbed soil
column with the System of European Water Monitoring (SEWING) (Filipkowski, 2001). Sensors of this
system, based on the ion sensitive field effect transistor (ISFET) or chemically-modified field effect
transistor (CHEMFET), are able to simultaneously measure concentrations of 5 selected inorganic ions in the
column outflow water.

RESULTS AND DISCUSSION
Using the radioactive tracer technique (Fig 1), a deep Cd penetration up to 60 cm was measured in a loam
soil under meadow in the study region. Using the equilibrium distribution coefficient Kdeq and a convectivedispersion equation, it was predicted that all the Cd should remain in the 10-cm thick top layer. In spite of
that prediction it was found that more than 40 % of Cd penetrated deeper than expected.
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Fig 2:

Sorption S’ of cadmium on the soil particles < 10 µm, which did not settle on the bottom of a bottle
in one minute after shaking, vs. duration t of the Cd-soil contact (♦ measured value, ▬ fitted
curve).

This discrepancy could be explained by the particle-facilitated Cd transport (transport of Cd sorbed on clay
particles) via soil macropores (Jacobsen et al., 1997; Laegsmand et al., 1999) which was studied on three
various soils. The results of conventional and modified batch techniques show that for the Cd-soil contact
lasting 1 min, more than 35 %, 32% and 48% of Cd was adsorbed on the particles < 10 µm of the soil
from Kalinkovo, Macov, and Jurova, respectively. It was found that, when the contact time was extended,
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the percentage of Cd adsorbed on the particles < 10 µm decreased (Fig 2). At Jurova, after the 30-min
and 60-min lasting Cd-soil interaction, only 9.0 and 8.2 % respectively of cadmium was adsorbed
on the particles < 10 µm. This sediment fraction forms > 59 % of all the particles in the Jurova soil. A similar
decrease in reversibly sorbed 109Cd was observed by Almas et al. (2000) for Cd-soil contact lasting from 30
min up to 1 year.
Next, the distribution coefficient Kd for 60-min lasting Cd-soil contact was set equal to the matrix distribution
coefficient Kdm, and the distribution coefficient Kd’ for 1-min lasting Cd-soil contact was set equal to the
macropore distribution coefficient KdM. It was found that using the coefficient Kdm instead of KdM would
underestimate a penetration of the part of Cd transported in the macropores by about
255-times in the loamy-sand soil in Kalinkovo, 20-times in the loam soil in Macov, and 122-times
in the clay soil in Jurova. Fasko (Lichner et al., 1999) gave evidence from 10-year-lasting observations that
macropore flow can appear 24 times on the average during the vegetation season in south-western Slovakia.
This flow can be the cause of rapid Cd transport from the soil surface to a depth well below the root zone.

CONCLUSION
The ease and speed of measurement are the most significant advantages of the radioactive tracer techniques
presented. When used on a field soil, the radioactive tracer technique is non-destructive, able to locate
heterogeneities in a field soil, and does not influence solute transport. The duration of the measurement
of each point in a breakthrough curve or in tracer concentration distribution was only one minute. Installation
or removal required about 10 minutes per probe. The time reduction is profitable in studies of spatial
variability of transport properties in field soils, where an extensive set of values is required for statistical
processing. The dose of radioactive tracer necessary for one measurement is very small and in the case
131 of I it is one sixth of the dose used in thyroid gland therapy (Lichner, 1995). Nevertheless, permission
from the national public-health officer and fulfilling strict safety precautions by staff is necessary
for the radioactive tracer measurements mentioned.
The SEWING system is intended for the concentration measurement of 5 various ions (in the first variant
NO3, NH4, Ca, Na, and H) in industrial and municipal waste water, irrigation water, fresh water,
groundwater, and surface water (e.g., in the studies on fertilizer washout from hillside fields into rivers
or brooks), for solute breakthrough curve measurements in a soil-physical laboratory, for early warnings
in rivers near a factory or other contaminant producer, etc.
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ABSTRACT
The Moscardo Torrent, a small stream of the Eastern Italian Alps, was instrumented for debris flow monitoring
starting in 1989. Two raingauges were installed, respectively close to the basin divide and at the centre of the
basin. Ultrasonic sensors and a fixed video camera were placed in the mid-fan area. A network of ground
vibration detectors was set up about 1 km upstream from the ultrasonic gauging stations; two more ground
vibration detectors were placed close to an ultrasonic gauge on the fan. The data collected by this equipment
allowed measurement of triggering rainfall, flow stage and ground vibrations caused by debris flows. Other
important debris flow variables, i.e. mean front velocity, propagation velocity of the debris flow wave along the
channel, peak discharge and flowing volume were estimated from instrumental records. Video pictures have
proved to be very useful for the visual interpretation of the behaviour of debris flow waves and have made
possible the estimation of debris flow surface velocity.

Keywords debris flow, triggering rainfall, hydrograph

INTRODUCTION
The aim of this paper is to describe the field research carried out in the Moscardo Torrent, a debris flow
prone basin in the Eastern Italian Alps. Important and well-known monitoring activities on debris flows have
been carried out in several geographical regions of the world (Okuda et al., 1980; Watanabe and Ikeya, 1981;
Pierson, 1986; Zhang, 1993; Suwa et al., 1993; Marcial et al., 1996). In alpine basins, the relatively low
frequency of debris flows makes monitoring activities, carried out by instruments permanently installed in
the field, very difficult and expensive. These activities become worthwhile only if enough data can be
recorded in a sufficiently short period of time. The Moscardo Torrent appeared to be suitable for the
installation of a debris flow monitoring system because it displayed, in particular, a very high frequency of
debris flow occurrences in addition to several other favourable characteristics. The Moscardo Torrent was
first instrumented for debris flow monitoring in 1989. At that time the Moscardo Torrent represented a
pioneering site for debris flow monitoring by permanent equipment in Europe. Recently, more alpine basins
have been instrumented for debris flow measurement (Genevois et al., 2000; Rickenmann et al., 2001).

GEOLOGICAL AND MORPHOLOGICAL CHARACTERISTICS OF THE CATCHMENT
The Moscardo Torrent is a small creek, with an area of about 4 km2, located in the Eastern Italian Alps
(Fig 1). The bedrock of the Moscardo basin is made of Carboniferous flysch, consisting of shale, slates,
siltstone, sandstone and breccia that continuously outcrop in the upper portion of the basin and locally along
the torrent. The poor mechanical properties of the rocks, the instability caused by the presence of a deep
seated gravitational slope deformation and the steepness of the upper basin slopes facilitate frequent
widespread falls and toppling of rocks. The very large quantity of debris that reaches the drainage network
by gravitational and erosion processes and by snow avalanches explains the strong tendency of the Moscardo
Torrent to generate debris flows and hyperconcentrated flows. The debris flows of the Moscardo Torrent led
to the construction of a huge fan that progressively invaded the receiving valley bottom, forcing the stream to
flow on the opposite side of the valley. The main morphological parameters of the basin closed at the fan
apex are listed in Table 1; the length of the channel reach on the fan is about 1000 m (Arattano et al., 1997).
The Moscardo debris flows are composed by material with a wide range of dimensions. Lateral levees and
debris flow lobes are mostly formed by small and medium boulders; larger boulders of over two meters are
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also common. Grain size analyses have been carried out on several matrix samples (Arattano et al., 1997;
Moscariello and Deganutti, 2000) from old and fresh deposits. The high percentage of fine particles in the
matrix (from 13% to 35% less than 40 µm) underlines the muddy character of the Moscardo debris flows.
Table 1: Main morphometric parameters of the Moscardo basin.
Basin area Maximum elevation
[m]
[km2]
4.1

2043

Minimum elevation
Average
Channel
[m]
Basin slope [%] length [km]
890

63

2.76

Average
channel slope [%]
37

3
4

Fig 1:

The Moscardo Torrent basin and its alluvial fan. 1: debris flow initiation site; 2: raingauges; 3 and
4: instrumented channel stretches.

The Moscardo debris flow material has been studied also from the rheological point of view, using a large
amount of material sampled from a fresh deposit left by a debris flow which occurred on 5 July 1995.
Several suspensions, obtained by mixing the material with water, were analysed for a range of different solid
concentrations using two parallel plate rheometers and a tilting plane. The material showed a shear thinning
viscous behaviour which can be well represented by a Herschel-Bulkley model (Coussot et al., 1998).

MONITORING SYSTEM AND RECORDED DATA
The first installations in 1989 consisted of two ultrasonic sensors, placed on the fan at a distance of about
300 m. A raingauge was installed in the upper portion of the basin. In 1995 the ultrasonic sensors were
replaced by new detectors and a third ultrasonic sensor was added 150 m upstream. A fixed video camera
was positioned close to the intermediate of the three ultrasonic sensors and a network of four ground
vibration detectors was set up about 1 km upstream from the ultrasonic gauging stations. In 1997 a second
raingauge was installed in the centre of the basin and two ground vibration detectors were set up close to the
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intermediate ultrasonic gauge on the fan. From 1990 to 1998, 15 debris flows occurred, 14 of which were
recorded by the installed gauges. Several types of measurements have been carried out on the recorded debris
flows during the years, including mean front velocity, surface velocity, volume, flow stage, hydrograph
deformation, triggering rainfalls, etc.
The instrumentation installed in the Moscardo Torrent basin (raingauges and sensors which detect debris
flow passage) gives the possibility of analysing the relations between rainfall characteristics and debris flow
occurrence more precisely than usually possible in alpine basins. Rainfalls recorded in the Moscardo Torrent
from 1990 to 1998 were analysed and storm characteristics of two classes, i.e. debris flow triggering storms
(15 cases) and storms which did not trigger debris flows (58 cases) were compared (Deganutti et al., 2000).
Several storm variables were taken into account, including total storm rainfall, average intensity, maximum
60-minute intensity, and antecedent precipitation. A statistical analysis showed that only total storm rainfall
and maximum 60-minute intensity were significantly different between debris flow triggering storms and
storms that did not trigger debris flows. The analysis of rainfall has shown that rainstorm characteristics and
antecedent precipitation play an important role but are not sufficient to define debris flow initiation
conditions (Deganutti et al., 2000). A critical combination of sediment availability and hydrologic conditions
is necessary to cause debris flow formation. This is particularly true when sediment moisture is influenced by
a complex groundwater flow regime and sediment availability depends on bank and slope failures, as well as
on the previous occurrence of debris flows, as it occurs in the Moscardo basin.
The ultrasonic sensors measure the torrent stage, making it possible to record the debris flow hydrographs. A
logging interval of 60 seconds was initially set between two consecutive recordings of the sensors. The
logging interval was then reduced to 10 seconds in 1990, to grant a better accuracy of the data and further
reduced to 1 second in 1995, thanks to the updating and improvement of the recording system. A time lag of
1 second between two consecutive recordings of the sensors allows a careful detection of the passage of the
debris flow wave below the sensors (Fig 2).

Flow depth [m ]

4.0
3.0
2.0
1.0
0

Fig 2:
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Hydrographs of a debris flow recorded by ultrasonic gauges (event recorded on 22 June 1996).

The mean propagation velocity of the front can be calculated in the monitored reach as the ratio of the
distance between the sensors to the time interval between the appearance of the peak of the debris flow surge
in the two recorded hydrographs. The calculated velocity data are shown in Table 2.
The analysis of the hydrographs recorded by the ultrasonic sensors may show the aggradation or degradation
of the channel bed at the recording sites. Flow stage measurements and topographic surveys of the monitored
sections make it possible to estimate peak discharges and total volume of debris flows (Arattano et al., 1997,
Marchi et al., 2002). Debris flow volumes Vol have been estimated as:
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t

t

Vol = ∫t 0 f vA ( t ) dt = v ∫t 0 f A ( t ) dt

(1)

where v is the mean velocity of the flow, which was assumed constant for the entire debris flow wave and
equal to the mean front velocity, A(t) is the cross section area occupied by the flow at the time t, known from
topographic surveys and the ultrasonic data, t0 is the time of arrival of the surge at the gauging site and tf is
the time at the end of the debris flow wave. Mean velocity of the main front was used for volume
computation because it is the only velocity datum available for all recorded events: additional information on
velocity variations during the debris flow wave has been obtained only for two events. This approach to the
computation of the discharged volume assumes that the material flows through the considered section at a
constant velocity during the surge. Thus computed debris flow volumes should be regarded as approximate
estimates (Table 2).
Table 2: Velocity, discharge and volume calculated from ultrasonic sensor measurements.
Event date

17.08.1990
13.08.1991
30.09.1991
01.09.1992 a
01.09.1992 b
11.07.1993
19.07.1993

Mean
front
velocity
(m s-1)
1.0
5.0
1.9
2.5
10.0
3.0
0.9

Discharged Event date
Peak
volume
discharge
(m3)
(m3s-1)
88
24
46
14
3

19000
3250
5800
5600
730

20.07.1993
14.09.1993
18.07.1994
22.06.1996
08.07.1996
27.06.1997

Mean front
Peak
velocity discharge
(m s-1)
(m3s-1)
4.3
2.5
4.0
3.5
4.0
2.9

16
10
140
195
25

Discharged
volume
(m3)
6500
3800
16130
57800
3000

80
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Amplitude graph for the 22 June 1996 debris flow as derived from the ground vibration recordings.
The stage hydrograph recorded at the ultrasonic gages is shown for comparison.

The ground vibration detectors (seismometers and geophones) record ground vibrations induced by the
passage of a debris flow. The purpose of the seismic sensors installation, in the initial phase of the research,
was essentially to verify which information could be obtained through this type of device during a debris
flow event. However, the first results that have been obtained showed the possibility of using these detectors
also as tools for velocity measurements (Arattano and Moia, 1999). The debris flow passage generates
ground vibrations whose amplitude graph corresponds to the stage hydrograph (Fig 3). The ground vibrations
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peak is detectable by a seismic sensor placed at a safe distance of some tens of meters from the channel bed.
The mean front velocity can then be measured by placing a pair of these detectors at a known distance along
the torrent adopting the same procedure previously described for velocity measurement with ultrasonic
sensors.
A fixed video camera like that installed in 1995 on the alluvial fan of the Moscardo Torrent allows a visual
interpretation of the debris flow features. The video camera records slantwise a straight channel reach about
80 meters long and is triggered by the upstream ultrasonic sensor by means of a triggering software that
identifies abrupt increases of the stage in the torrent and starts the video recordings. The possibility was also
investigated of using the video recordings for estimating debris flow surface velocity. A simple method to
process the recorded images was developed that maps 2D image points on the screen and points in the 3D
space (Arattano and Marchi, 2000). The average velocity of the features floating on the surface was then
computed as the ratio of their travelled distance to the time elapsed between the shooting of the video frames
that contained them (Fig 4). Average debris flow velocities estimated through image processing were
consistent with measurements based on the recordings of the ultrasonic gauges; velocity variations in debris
flow waves are discussed in Arattano and Marchi (2000).

Fig 4:

Plot of the surface velocity values v (dots) and mean front velocity of precursory and secondary
surges (triangles) that have been measured with the corresponding flow depth h measured by the
ultrasonic sensor no. 1 (Fig 1). a) 22 June 1996; b) 8 July 1996.

CONCLUDING REMARKS
Field monitoring of debris flows gives an important contribution to an improved knowledge of these
hazardous flow processes. Debris flow research in the Moscardo Torrent pioneered studies on debris flow
monitoring in Europe. Data regarding flow depth, velocity, peak discharge and volumes, recorded in the
Moscardo Torrent since 1990, have contributed to broaden the database on debris flow characteristics
collected worldwide. Even though debris flow monitoring in the Moscardo Torrent was intended for research
purposes, the results can provide suitable indications also for the design of debris flow warning systems.
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AN INTEGRATED APPROACH TO WATER EROSION,
SEDIMENT TRANSPORT AND RESERVOIR SEDIMENTATION
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ABSTRACT
The Water Erosion Prediction Project (WEPP) model has been applied to the Masinga catchment in Kenya
for the estimation of soil loss due to surface runoff resulting from intense tropical rainfall. The WEPP model is
a distributed parameter continuous simulation model for predicting daily soil loss and deposition due to rainfall,
snowmelt and irrigation. Most computer models for the simulation and prediction of sediment transport in rivers
and reservoirs are one-dimensional. Although truly two- or three-dimensional models are available, they require
extensive field data for calibration and may be difficult to apply. A semi-two-dimensional model for water and
sediment routing, GSTARS 2.1, may be an alternative for solving river engineering problems. This paper
provides a brief description of the systematic and integrated approach based on well established sediment
transport equations and the Bureau of Reclamation’s Generalized Stream Tube model for Alluvial River
Simulation (GSTARS 2.1) and its applications. Examples of computed results are presented to illustrate
the applicability of different components of this approach.

Keywords water erosion, sediment transport, modelling
INTRODUCTION
As a result of runoff from rainfall, soil particles on the surface of a watershed can be eroded and transported
through the processes of sheet, rill and gully erosion. Once eroded, sediment particles are transported
through a river system and are eventually deposited in a reservoir, lake or at sea. Therefore, an erosion model
capable of predicting surface erosion and routing sediment through a channel system is desirable.
Engineering techniques used for the determination of reservoir sedimentation processes rely mainly on field
surveys. Field surveys can be used for the determination of what has happened but not for predictive
purposes.
During the 1997 Congress of the International Commission on Large Dams (ICOLD), the Sedimentation
Committee passed a resolution encouraging all member countries to (a) develop and apply methods for the
prediction of the rate of surface erosion based on rainfall and soil properties, and (b) develop and apply
computer models for the simulation and prediction of reservoir sedimentation processes. This paper provides
a brief description of an ongoing study in compliance with the above two ICOLD resolutions. Preliminary
results will be presented to demonstrate the feasibility of a systematic and rational approach for the
determination of surface erosion rates and sediment transport in rivers. In addition, the application
of a reservoir sedimentation model is presented.

WATER EROSION AND SEDIMENT ROUTING THROUGH CHANNELS
Soil erosion and sediment yield modelling
The Water Erosion Prediction Project (WEPP) model current version (v2001.3) was released in April 2001
(Flanagan et al., 2001). The model represents erosion prediction technology based on fundamentals
of infiltration theory, hydrology, soil physics, plant science, hydraulics, and erosion mechanics. The model
provides several major advantages over existing erosion prediction technology: (a) its capabilities
for estimating spatial and temporal distributions of soil loss - the net soil loss for an entire hillslope or
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for each point on a slope profile can be estimated on daily, monthly, or average annual basis; and (b) since
the model is process-based, it can be applied on a broad range of conditions that may not be practical or
economical when field tests are used.
The model can be used in both hillslope and watershed applications. Runoff characteristics, soil loss and
deposition are first calculated on each hillslope with the hillslope component of WEPP for the entire
simulation period. Main results are saved in a pass file that is used during the watershed routing.
Then the model combines simulation results from each hillslope and performs runoff and sediment routing
through the channels and impoundments each time runoff is produced on one of the hillslopes or channels, or
if there is an outflow from one of the impoundments. In this study, no impoundments are considered.
The first step in the application of WEPP on the Masinga catchment (7,335 km2) for sediment yield
prediction was to sub-divide it into subcatchments using the available topographic map. Each subcatchment
was further subdivided into representative hillslopes. A total of 31 representative hillslopes were identified
(Fig 1). Eight of the 31 hillslopes drain into the Thika arm of the Masinga reservoir while the remaining
23 drain into the Tana arm (Fig 4a).
WEPP can give an output of over 100 variables. In this paper only a few were selected for presentation
(Saenyi, 2002). These included daily values of sediment yield, runoff, evapotranspiration and total soil water.
Sediment yield from the WEPP watershed simulation was correlated to discharge by the least squares
method to obtain the sediment discharge rating curves used in GSTARS 2.1 as:

Thika arm: Qs = 0.89Q 1.707 , r = 0.85 n = 107

(1)

Tana arm: Qs = 0.52Q 0.887 , r = 0.79 n = 153

(2)

where Qs = sediment discharge (metric tonne/day), Q = water discharge (m3/s) r = correlation coefficient, n =
number of data points.

Sediment transport in river channels
Since there is a high concentration of wash load in the flow entering the Masinga reservoir (Bobotti, 1998),
its effect on sediment fall velocity, flow viscosity, and relative specific weight of sediment is significant.
Hence, a modified sediment transport function for sediment-laden flow with high concentration of wash load
(Yang et al., 1996) was used for sediment transport computations in the river channels.

RESERVOIR SEDIMENTATION SIMULATION USING GSTARS 2.1 MODEL
The generalized Stream Tube model for Alluvial River Simulation (GSTARS) was first released by the
US Bureau of Reclamation in 1986 (Molinas and Yang, 1986) for CYBER mainframe computer application.
A revised and enhanced model GSTARS version 2.0 (GSTARS 2.0) was released by Yang et al. (1998).
The most recent version, GSTARS 2.1, was released by Yang and Simoes (2000).
With proper selection of a sediment transport function, GSTARS 2.1 can be applied to a wide range
of sediment conditions with particle sizes ranging from clay, silt, sand, to gravel. GSTARS 2.1 also has the
ability to consider the effects of wash load on the sediment transport rate by using the modified unit stream
power formula proposed by Yang et al. (1996). An earlier version, GSTARS 2.0, was applied to the Willow
Creek emergency spillway to demonstrate its capabilities in predicting the sediment transport and channel
forming processes downstream (Yang et al., 1998). In this study, Yang’s (1973) and (1979) formulae were
used. It was shown that both channel width and depth can change during the channel forming process
(Yang et al., 1998).
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Fig 1:

Location of the Masinga catchment and reservoir.

CALIBRATION PROCESS AND DIFFICULTIES ENCOUNTERED
The first step in the application of GSTARS 2.1 to the Masinga reservoir was to calibrate the model.
The following parameters were adjusted to fit the simulated cross-sections to the measured cross-sectional
data:
- shear threshold for deposition of clay and silt (STDEP), used to determine the initial condition
for deposition,
- shear threshold for particle erosion of clay and silt (STMERO),
- slope of the erosion rate curve for mass erosion (ERMASS),
- size gradation distribution of the incoming sediment.
To calibrate GSTARS 2.1, first the size gradation distribution of incoming sediment was varied and
predicted reservoir cross-sections were obtained. The predicted cross-sections and thalweg were then
compared with measured ones to establish whether the two sets matched. The reason for varying the size
gradation distribution of incoming sediment was to distribute sediment deposits longitudinally in such a way
that predicted and measured cross-sections and thalweg approximately matched. Normally, the bed load and
the coarser fraction of the suspended load are deposited at the mouth of the reservoir, while fine sediments
with lower settling velocities are transported and deposited deeper into the reservoir or near the dam wall.
Some problems were encountered while calibrating the model. It was difficult to adjust the model parameters
so that the simulated and observed cross-sections matched for all the stations. For instance, there was
a bigger deviation between the measured and observed cross-sections for the sections around the confluence.
This could be attributed to the formation of eddy and/or secondary currents at the confluence of the two arms
(Thika and Tana). Since GSTARS 2.1 is based on a stream tube concept, the presence of secondary and eddy
currents may cause the model to fail. It was also found that there was a big deviation between simulated and
observed data for cross-sections near the dam wall. This could be attributed to backwater flow and the
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formation of eddy currents. Otherwise, for other cross-sections, the observed and simulated bed elevation
changes were in good agreement.

GSTARS 2.1 SIMULATED RESULTS
Figs 2a, 2b, and 3 demonstrate GSTARS 2.1 capabilities in computing the transverse and longitudinal bed
profile of a reservoir due to sedimentation. Yang’s (1996) modified formula was employed in the Masinga
reservoir sedimentation study because of the presence of a high concentration of wash load in the flow.
Since most of the sediments entering the Masinga reservoir are fine grained silt and clay, the cohesive
sediment part of GSTARS 2.1 was used in conjunction with the non-equilibrium sediment transport option.
The processing and visualization of GSTARS 2.1 results were performed using a two-dimensional BOSS
SMS model (1996) to yield the sediment distribution in the reservoir (Figs 4b,c). Changes from Fig 4b to
Fig 4c show that the model is capable of simulating the sedimentation process in the reservoir. From the
figures, it can be seen that the reservoir bathymetry has been altered drastically due to siltation.

Fig 2a:

Predicted channel development compared Fig 2b:
with a measured cross-section in 1988,
for a station 10 km upstream of Masinga
dam.

Predicted channel development compared
with a measured cross-section in 1988,
for a station 5 km upstream of Masinga
dam.

T h alw e g (T h iK a arm )
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1 0 5 0 .0
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M e a s u re d ,1 9 8 8
S im u la te d ,1 9 8 8

1 0 2 5 .0
1 0 2 0 .0
1 0 1 5 .0

D is ta n c e (K m )

Fig 3:

Thalweg from the mouth of the reservoir to station 29.9 km upstream of Masinga dam.
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Fig 4:

(a) Masinga reservoir showing the location of cross-sections. (b) Initial bathymetry of the
reservoir in 1981. (c) Bathymetry of the reservoir in 1988.

SUMMARY AND CONCLUSION
The results from WEPP watershed simulations were used to derive sediment rating curves for both Tana and
Thika subcatchments. These curves were then used as input into the sedimentation model for describing
suspended load inflow as a function of water discharge. The focus of the sedimentation modelling was to see
how the reservoir bed elevations change after 20 years of reservoir operation. From the plotted cross
sections, it was found that most deposition occurred along the thalweg with deposition depths typically in the
range of 1.5 m to 3 m. Most of the sediment delivered to the reservoir was deposited along the main channel
and a smaller fraction on the reservoir terraces. The model predicted highest sedimentation at the mouth
of the reservoir, at the confluence of the two arms (Tana and Thika), and near the dam wall.
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LONG-TERM WATER BALANCE OF THE EXPERIMENTAL
AGRICULTURAL MICROBASIN RYBÁRIK
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ABSTRACT
The paper presents the analysis of the annual and monthly long-term water balance elements in the experimental
agricultural microbasin Rybárik of the IH SAS. The analysis is based on the data series of water years
1964/1965-2000/2001. The mathematical relations between precipitation and runoff were developed for the
vegetation and non-vegetation seasons. Monitoring of the basic water elements in the experimental agricultural
basin Rybárik has shown a decreasing trend of both annual and seasonal precipitation and runoff over the last 37
years (precipitation by 2.7 mm/year, runoff by 3.3 mm/year on average). The decrease of both precipitation and
runoff in the non-vegetation season is higher than in the vegetation season.

Keywords experimental basin, long-term water balance, trends, Rybárik
MEAN ANNUAL WATER BALANCE CHARACTERISTICS
The Institute of Hydrology SAS operates several experimental basins (Herrmann et al., 1997; Kostka and
Holko, 1996; Holko and Kostka, 1999). The experimental microbasin Rybárik (Fig 1) is an agricultural basin
extending over 0.12 km2 (15 % grassland, 85 % arable land). More details about the basin were given by
Koníček et al. (1997), Bača (2001, 2002).
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Fig 1:

Location of the experimental basins in the Strážov highlands.

The mean annual precipitation over the study period was 741 mm. Maximum annual precipitation was 996
mm in the water year 1965/1966 (in Slovakia the water year starts in November of the previous year). The
minimum annual precipitation was observed in 1972/1973 and only reached 539.6 mm.
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The long-term mean annual discharge of Jelšové creek at the Rybárik station is 0.877 l.s-1, with a mean
annual specific yield of 7.31 l.s-1km-2 (1964/1965–2000/2001). The minimum mean annual discharge was
observed in 1991, Qmin = 0.42 l.s-1, and the maximum was observed in 1966, Qmax = 1.67 l.s-1. The yearly
water balance components of the experimental microbasin Jelšové (Rybárik) are shown in Table 1 for the
period of water years 1964/1965–2000/2001. Evapotranspiration was calculated from measured precipitation
and runoff depth. The whole period 1964/1965–2000/2001 was characterised by a rapid decrease of available
water. The deviations from the long-term mean annual discharge 1964/65–2000/2001 are evident in Fig 2.

Table 1: Annual water balance of the Rybárik basin during the years 1964/1965 - 2000/2001
P - annual precipitation, R - annual runoff depth, ET - annual evapotranspiration as difference P-R, Qa - average annual
discharge, q - specific yield, cs - coefficient of symmetry (decades), cv - coefficient of variation (decades).

Year
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
mean
min
max

P
Mm
872.4
996.0
720.9
821.1
578.7
854.9
610.3
872.7
539.6
882.4
721.3
704.7
912.5
736.9
738.2
791.2
841.7
671.2
710.7
702.6
750.6
796.5
745.3
768.5
699.5
641.2
552.4
618.5
569.3
925.9
666.1
742.7
711.2
743.1
652.4
684.8
858.2
740.7
539.6
996.0

R
mm
297.3
437.9
316.3
277.0
169.5
246.1
232.2
261.6
190.4
325.1
275.0
212.2
378.5
208.0
246.8
251.9
261.2
215.1
249.9
120.8
246.5
199.0
241.0
247.7
167.5
139.7
109.1
226.6
122.7
293.0
210.3
127.1
186.0
212.1
172.6
194.5
260.7
230.5
109.1
437.9

ET
mm
575.1
558.1
404.6
544.1
409.2
608.8
378.1
611.1
349.2
557.3
446.3
492.5
534.0
528.9
491.4
539.3
580.5
456.1
460.8
581.8
504.1
597.5
504.3
520.8
532.0
501.5
443.3
391.9
446.6
632.9
455.8
615.6
525.2
531.0
479.8
490.3
597.5
510.2
349.2
632.9

Qa
l.s-1
1.13
1.67
1.20
1.05
0.64
0.94
0.88
1.00
0.72
1.24
1.05
0.81
1.44
0.79
0.94
0.96
0.99
0.82
0.95
0.46
0.94
0.76
0.92
0.94
0.64
0.53
0.42
0.86
0.47
1.11
0.80
0.48
0.71
0.81
0.66
0.74
0.99
0.88
0.42
1.67
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q
l.s-1.km-2
9.43
13.89
10.03
8.78
5.37
7.80
7.36
8.30
6.04
10.31
8.72
6.73
12.00
6.60
7.83
7.99
8.28
6.82
7.92
3.83
7.82
6.31
7.64
7.85
5.31
4.43
3.46
7.19
3.89
9.29
6.67
4.03
5.90
6.73
5.47
6.17
8.27
7.31
3.46
13.89

k
0.34
0.44
0.44
0.34
0.29
0.29
0.38
0.30
0.35
0.37
0.38
0.30
0.41
0.28
0.33
0.32
0.31
0.32
0.35
0.17
0.33
0.25
0.32
0.32
0.24
0.22
0.20
0.37
0.22
0.32
0.32
0.17
0.26
0.29
0.26
0.28
0.30
0.31
0.17
0.44

cs

cv

0.81
0.93
-0.08
0.62
0.92
1.15
1.12
0.98
1.12
1.28
0.37
0.54
0.57
-1.90
-2.20
-1.41
-0.79
-0.46
-0.50
-0.04
-0.17
-0.03
0.23
0.51
0.65
0.63
0.37
0.12

0.28
0.28
0.20
0.24
0.25
0.22
0.22
0.22
0.23
0.20
0.27
0.27
0.27
0.19
0.18
0.21
0.24
0.29
0.29
0.31
0.31
0.31
0.34
0.33
0.32
0.32
0.30
0.27

0.64
-2.20
1.28

0.30
0.18
0.34

T
°C
6.8
8.6
8.3
7.8
7.6
7.5
7.9
8.3
8.3
8.4
8.4
8.4
7.8
6.6
7.6
6.3
7.7
7.4
8.8
7.5
6.8
7.6
7.1
8.4
8.8
8.7
8.1
9.3
8.5
9.8
9.3
8.3
7.6
8.2
9.1
9.5
8.3
8.1
6.30
9.80

Fig 2:

Deviations of the mean annual discharge in individual years from the long-term mean annual
discharge 1965–2001, Rybárik.

Trends of precipitation and runoff in vegetation and non-vegetation seasons
The basic water balance elements show the following trends in 1964/65-2000/01:
P (mm) = 791.4 – 2.67 x
R (mm) = 293.9 – 3.34 x
ET (mm) = 497.5 + 0.67 x

(precipitation)
(runoff)
(evapotranspiration)

(1)
(2)
(3)

where: x - order of the year, 1.....37, starting with 1965.
The relations indicate a significant decreasing trend of annual precipitation and runoff in the basin during the
last 37 years. The following relations were found for vegetation (Pv, Rv) and non-vegetation (Pnv, Rnv)
seasons:
Pnv (mm) = 338.3 – 2.39 x
Pv (mm) = 453.1 – 0.28 x
Rnv (mm) = 200.3 - 2.39 x
Rv (mm) = 93.6 - 0.94 x

(4)
(5)
(6)
(7)

Pr ecipitation [mm]

The results are presented in Figs 3 and 4. Precipitation significantly decreases in the non-vegetation period,
while the decrease in the vegetation period is much lower. Runoff in the non-vegetation season decreases by
2.4 mm annually on average from 1965 to 2001, while in the vegetation period it only decreases by 0.9 mm.
Evapotranspiration, computed as the difference between precipitation and runoff, remains constant in the
non-vegetation season and increases in the vegetation season.
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Trend of precipitation during the vegetation and non-vegetation seasons.
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Mean monthly precipitation and runoff (in mm) in the period of water years 1964/65 - 2000/2001.

Mean monthly water balance characteristics
From the point of view of monthly values, the highest precipitation occurs in June (97.9 mm) and the lowest
in February (37.5 mm). Maximum runoff occurs in March (41.4 mm), and minimum runoff is observed in
November (8.8 mm).
Table 2: Mean monthly runoff coefficients km [%], mean monthly precipitation Pm [mm], mean
monthly runoff depth Rm [mm], mean monthly contribution to the mean annual runoff depth
Rm/Ra[%], and other statistical characteristics related to Rm, period 1964/1965-2000/2001.
XI
XII
I
II
III
IV
V
VI
VII
VIII
IX
X
km
20.3 38.6 55.0 88.1 97.9 41.5 21.9 16.7 15.3 15.4 13.4 20.4
Pm
58.7 58.9 44.3 37.5 42.3 51.2 70.2
98 87.2 78.1
66 48.2
11.9 22.8 24.4 33.1 41.4 21.3 15.4 16.3 13.3 12.0
8.8
9.8
Rm
5.1
9.9 10.6 14.6 18.0
9.2
6.7
7.2
5.5
5.3
3.4
4.3
Rm/Ra %
Min
1.9
3.4
2.0
4.5
8.4
5.0
3.6
3.5
2.5
1.3
1.1
1.2
Max
37
118
88
113
96
61
46
56
75
120
35
102
Cs
1.12 2.83 1.54 1.38 0.75 1.47 1.81 1.44 3.46 4.38 2.67 4.89
Cv
0.804 0.924 0.852 0.785 0.590 0.592 0.679 0.778 1.021 1.719 0.855 1.728
Cs is coefficient of skewness, Cv is coefficient of variation

The mean annual runoff depth was 230.5 mm and the mean runoff coefficient was 31.1% in the 1964/65–
2000/01 period. Maximum runoff is related to the snowmelt period (33.1 mm in February, and 41.4 mm
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in March). About 1/3 of the annual runoff occurs during these two months (32.6 %). The runoff coefficients
are also highest during February and March: 0.88 and 0.98, respectively. The minimum runoff coefficients
occur in the summer: 0.153 and 0.154 in July and August, respectively. The mean monthly values of
precipitation and runoff are shown in Fig 5. The mean monthly runoff coefficients (km) and the mean
monthly contribution to mean annual runoff are provided in Table 2.
Long-term monthly water balance
In Table 3 the values of long-term monthly water balance elements are shown. Precipitation and runoff are
measured values. Monthly evapotranspiration was calculated from the annual water balance (ET= P-R)
proportionally distributed between months according to the monthly evaporation observed in the
neighbouring areas. The storage of water (S) in the agricultural microbasin increases from August to January,
while from February to August the accumulated water storage decreases. Runoff (R) and evapotranspiration
(ET) is augmented by soil moisture and groundwater until July-August. The course of the long-term water
balance elements is presented in Fig 6.
Table 3: Mean monthly water balance elements of Rybárik (Jelšové) basin, period 1965–2001.
XI
XII
I
II
III
IV
V
VI
VII VIII IX
X Year
P [mm]
58.7 58.9 44.3 37.5 42.3 51.2 70.2 98.0 87.2 78.1 66.0 48.2 740.7
R [mm]
11.9 22.8 24.4 33.1 41.4 21.3 15.4 16.3 13.3 12.0
8.8
9.8 230.5
ET [mm]
7.1
2.6
2.6
9.7 24.0 40.3 76.0 99.5 103.6 75.5 40.8 28.6 510.2
Diff=P-R-ET
39.7 33.6 17.4 -5.2 -23.1 -10.4 -21.1 -17.9 -29.7 -9.4 16.3
9.8
0.0
S
19.7 53.3 70.7 65.4 42.3 32.0 10.8 -7.0 -36.7 -46.1 -29.8 -20.0
ET [%]
1.4
0.5
0.5
1.9
4.7
7.9 14.9 19.5 20.3 14.8
8.0
5.6 100.0
ET+R
19.0 25.3 26.9 42.8 65.4 61.6 91.4 115.8 116.9 87.5 49.7 38.4 740.7
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Fig 6:

Course of the water balance elements computed from the long-term monthly averages
in the Rybárik basin, period 1964/1965–2000/2001.

Relation between runoff and precipitation
The relation between seasonal runoff and precipitation is linear in the non-vegetation season (Rnv, Pnv), and
quadratic in the vegetation season (Rv, Pv) in the Rybárik basin (see also Figs 7a, b):
Rnv (mm) = 0.6594 Pnv – 38.4
Rv (mm) = 0.0013 Pv2 – 0.795 Pv + 154.53

(8)
(9)

where: Rnv, Pnv - seasonal runoff and precipitation in November-April, and
Rv, Pv - seasonal runoff and precipitation in May-October.
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CONCLUSION
Monitoring of the basic water elements in the experimental agricultural basin Rybárik has shown a
decreasing trend of both annual and seasonal precipitation and runoff in the past 37 years (precipitation by
2.7 mm/year, runoff by 3.3 mm/year on average). The decrease of both precipitation and runoff in the nonvegetation season is higher than in the vegetation season.
Annual and seasonal linear trend equations were found (Eq. (1) - (7)). The long-term monthly water balance
was also estimated in Table 3 and Fig 6. Seasonal relations between precipitation and runoff were developed
as well (Eq. (8) - (9)).
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LONG TERM HYDROLOGICAL MONITORING
OF TWO MICRO-CATCHMENTS IN SEMI-ARID SE SPAIN
Albert Solé-Benet, Yolanda Cantón, Francisco Domingo, Gabriel DelBarrio,
Roberto Lázaro, Miguel Angel Domene, Sebastián Vidal, Juan Puigdefábregas
Estación Experimental de Zonas Aridas, Consejo Superior de Investigaciones Científicas
C. General Segura, 1 04001-Almería, Spain

ABSTRACT
Arid and semi-arid lands are characterised by a combination of high temporal variability in rainfall and spatial
heterogeneity of soil surface properties. As a consequence, little information is available about their hydrology.
In addition, during the past half century, changes have occurred in most semi-arid lands in the Northern
Mediterranean: agricultural abandonment and consequently a change in land use. In order to investigate
the hydrological consequences of such abandonment, two representative field sites on contrasting lithologies
in SE Spain were instrumented in 1989 and 1991. Additional field observations, experiments and model
simulations were performed with a variety of soil, plant, water runoff, and atmospheric parameters. A summary
of the first long term results of analyses of runoff, erosion and other hydrological variables at plot and microcatchment scales is presented here, including the main monitoring problems encountered.

Keywords runoff, erosion, long-term monitoring, soil water content, semi-arid environment
INTRODUCTION
The Rambla Honda (37.1297°N, 2.3713°W) and the El Cautivo (37.0109N, 2.4391°W) field sites, both
in Almeria province, SE Spain, are permanently equipped research sites, aimed at gathering information
on climate, vegetation, and hydrological and geomorphic processes and their interactions at two
lithologically contrasting locations in a dry Mediterranean climate (see references). Both sites are under very
low grazing pressure after the abandonment of agriculture.
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Location and maps compiled from DEM, showing runoff and erosion plots (Nº 11 to Nº 19,
from the lower to the upper part of the catena). H-flumes are gauging devices in micro-catchments
1 to 3 in Rambla Honda (Fig 1A) and micro-catchments 1 to 4 in El Cautivo (Fig 1B)
(numbered from the lower to the upper part of the catchment).
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Rambla Honda (Fig 1A) is a semi-arid Mediterranean rangeland on top of mica schist bedrock including:
a) tussock grasslands of Stipa tenacissima on shallow sandy-loam soils at the rocky upper part;
b) open shrubland of Anthyllis cytisoides on thick loamy-sand soils developed on the alluvial fans at the foot
slope; and c) open shrubland of Retama sphaerocarpa on very thick loamy-sand soils over the river bank
terrace at the bottom of the catena (Nicolau et al., 1996; Puigdefábregas et al., 1996).
El Cautivo (Fig 1B) is located in one of the most extensive badland areas in Spain over calcitic gypsiferous
mudstone. Main geomorphic features include valley asymmetry and a variety of different soil-surface types
over silt-loams, including many types of both mineral and biological crusts, with contrasted erosion and
hydrological behaviour (Calvo and Harvey, 1996; Solé-Benet et al, 1997; Cantón et al., 2001b).
Meteorological, hydrological and ecological variables are being monitored at several time scales at both field
sites. Runoff and sediment yield is monitored in plots ranging from 0.25 m2 to 20 m2, some equipped
with divisors and tipping buckets, and in micro-catchments from 57 to 45,000 m2, equipped with H-flumes
and automatic samplers. The sites also have dielectric sensors (TDR). Other variables have been monitored
during specific campaigns: soil hydrology (Nicolau et al., 1996; Puigdefábregas et al., 1996), actual
evapotranspiration for three main plant communities (Domingo et al., 1999), rainfall interception and rainfall
partitioning (Domingo et al., 1998), as well as plant biomass budgets and fluxes, such as net primary
productivity, death biomass and litter fall (Puigdefábregas et al., 1996).

RESULTS
In both sites a strong seasonal and inter-annual variability in rainfall is observed. On average, up to 75 %
of the annual rainfall is recorded during autumn and winter (Fig 2). Temperatures show mild annual averages
with warm summers and mild winters, due to a high insulation and mild winds. There is a strong spatial
variability in runoff along hillslopes in both field sites due to soil surface types (crusted), soil depth (< 30 cm
in rocky slopes and > 1 m in the alluvial fans or pediments), plant cover (Fig 4) and spatial vegetation
pattern. The widespread occurrence of structural surface crusts (coarse-pavement sieving crusts, Fig 3,
in Rambla Honda and slaking crusts in El Cautivo) explains rainfall thresholds for runoff occurrence
of around 18 mm in the alluvial fan and 3 mm in the upper slopes of Rambla Honda, and about 5 mm in bare
areas of El Cautivo.
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Two mechanisms of overland flow generation have been identified (Puigdefábregas et al, 1998). The first
mechanism is saturation from subsurface layers (low frequency, high magnitude events in Rambla Honda).
An example is shown in Fig 5. The second mechanism is infiltration excess. These are frequent but short
lived, high intensity events in Rambla Honda and always in El Cautivo (Fig 6). Hillslope connectivity is rare,
as in most arid and semi-arid regions, and only occurs with the first runoff mechanism. The relation between
the area of the catchment and runoff coefficients is relatively similar at both sites (Figs 7A, 7B).
The influence of scale and soil surface types on runoff is evident when the cumulative runoff in different
micro-catchments is compared. As an example, the event of 31 October 1993 in El Cautivo is shown
in Fig 8: micro-catchments 2 (260 m2) and 3 (60 m2), mainly covered by bare soil surfaces with low
infiltration capacity, show the highest runoff (Solé-Benet et al., 1997; Cantón et al., 2001), while
micro-catchment 4, mostly covered by vegetation with medium to high infiltration rates, shows the lowest
runoff. Micro-catchment 1 (2 ha) shows also a quite reduced overall runoff due to its heterogeneous mosaic
of soil surfaces, where runoff from bare areas can reinfiltrate in plant-covered areas downslope
(Cantón et al., 2001, 2002).
Soil erosion is very limited in Rambla Honda (up to 9 g m-1 year-1 in erosion plots and < 0.01 g m-2 year-1
in a 5 ha catchment) and more significant in El Cautivo (up to 628 g m-1 year-1 in small plots and
up to 0.037 g m-2 year-1 in micro-catchment 1 (2 ha), with a runoff threshold of 5 mm to produce
over 300 g m-2 of sediment).
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Soil erosion in El Cautivo also shows a strong correlation with the dominant soil surface type. Where plant
cover is scarce, as in micro-catchments 2 and 3, soil erosion can be very high. During some events, highly
charged (up to 0.4 kg L-1) to hyper-concentrated flows (up to 0.8 kg L-1) are recorded. In areas mostly
covered by annual and perennial plants, as in micro-catchment 4, the erosion rates are low (during one event
a maximum of 60 g m-2 was measured).
Flow peaks coincide with the highest sediment discharge peaks. Fig 9 shows the evolution of both runoff and
sediment yield (particles < 1 mm) during a rainfall event in micro-catchment 1.
The research on erosion at a patch scale has particularly focused on the role of vegetation as a source
of spatial heterogeneity that affects the short-range distribution of water and sediments. Results from Rambla
Honda, based on field observations, experiments and simulation models (Sánchez and Puigdefábregas,
1994), show that a range of positive feedback mechanisms, like the trapping of water and sediments
by vegetated patches and the concentration of flow between herbs and bushes, leads to nucleation or to the
increase in spatial heterogeneity by concentrating resources of the soil beneath plant clumps at the expense
of neighbouring bare ground (Puigdefábregas et al, 1999). Concerning sediment at the micro-catchment
scale, channels are the main redistribution structures as well as the main sources when they cut into alluvial
fans (Puigdefábregas et al., 1999).
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A validated evapotranspiration model applied to an area of about 2 ha in the lower section of the catena
in Rambla Honda shows that actual evapotranspiration (ETact) largely exceeds (by about 100 mm per year)
precipitation (P) at annual scales. The estimated deficit may be compensated by: a) infiltration of local
rainfall during extreme events; b) runon from the surrounding hillslopes; or c) infiltration of channel flow
during flash floods originating from the upper part of the catchment. Data from long term monitoring show
that possibilities a) and b) cannot explain the water deficit but do show that deep storage of water during
floods in the main channel can be as much as 60 mm to 150 mm per event, and may have been 160 mm year1
to 400 mm year-1 during a period of four years (1994-1997) (Domingo et al, 2001).

DRAWBACKS AND SUSTAINABILITY OF LONG TERM MONITORING
Several problems occurred during the experiments on the runoff plots: A) Bounded runoff plots stop
sediment flux from upslope and therefore might suffer from sediment exhaustion after several years
of no runon. B) Soil moisture surplus near a collector trough enhances the growth of annual plants,
thus triggering a feedback mechanism of progressive sediment trapping and enhanced plant growth.
C) An important part of runoff collected from runoff plots comes from a few decimetres upslope
of the collector trough. D) The changes in spatial structure of vegetation within runoff plots during
the monitoring period may influence the magnitude of the measured variables. E) Several types of external
changes (galleries and/or latrines of rabbits or other vertebrates, feeding grounds or rooting areas of wild
boars, ant nests, etc.) may cause an important non-homogeneity in the monitored variables, a fact especially
acute in bounded runoff plots. F) Periodical calibration of tipping buckets and levelling flow divisors is
highly recommended to avoid a progressive drift in the measured variables. All these problems, because
of the small scale of the experiments, make it difficult to upscale the results.
Detected problems in small instrumented catchments: A) It is not easy to select the right gauging device
for ephemeral channels, nor its right dimension. A combination of large devices (large range, reduced
precision) with small ones (short range, higher precision) seems to be the most adequate approach.
B) Hyper-concentrated flows, where they occur, usually cause clogging of gauging devices and sensors.
C) No simple devices are adequate for sediment measurements from hyper-concentrated flows.
Weight sensors coupled to water levels in gauged channel sections are a promising technique which should
be improved. D) In semi-arid areas, where runoff events normally occur with low frequency (1 year-1), it may
take a long time to collect a good data series in order to test homogeneity assumptions.
Data obtained in micro-catchments from arid and semi-arid regions should be used with caution when trying
to extrapolate to either larger or different areas: because of the occurrence of spatial heterogeneity
(in soil depth, vegetation type and cover and rooting depth) along with high temporal variability in rainfall
and other meteorological data. This may have very important hydrological consequences, and thus
extrapolations might only apply for very similar environmental conditions.
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In dry environments, looking at fine time scales is essential to obtain information on processes, especially
those leading to extreme events (such as rainfall), which are the main drivers of landscape change.
Moreover, permanent research facilities afford the paradox that funding is mainly through specific research
projects the time scale of which is usually not compatible with the longer term evolution of the geomorphic
processes. The approach should be to develop and monitor low cost indicators, including remotely
sensed data.
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ABSTRACT
In this study 25-year (1976-2000) observations of precipitation, temperature and runoff in a pre-alpine research
catchment have been analysed. Lysimeter measurements are investigated and discussed with respect
to precipitation, evapotranspiration and percolation rates. A comparison of precipitation volumes derived
from lysimeter measurements and from rain gauges shows a strong underestimation of (especially) winter
precipitation. Therefore, monthly precipitation correction factors have been calculated. Results of the runoff
simulation for the period 1981-1998 are presented and compared with observed discharges.

Keywords hydrological research catchments, water balance, precipitation correction, hydrological
modelling

INTRODUCTION
The pre-alpine hydrological research catchment Rietholzbach was established in 1975 and provides since
then observations of several hydro-meteorological variables. These long-term measurement series are
important to obtain a better insight into the understanding of the hydrometeorological processes (Menzel,
1997). Besides the better process understanding, the measurements also are of great importance for the
calibration, validation and development of hydrological models (Kirnbauer et al., 2000).

CHARACTERISTICS OF RIETHOLZBACH RESEARCH CATCHMENT
The hilly pre-alpine research catchment Rietholzbach is located in the central part of the Thur river basin
(tributary of Rhine) in north-eastern Switzerland with an area of 3.2 km2 and the main water flow running west
to east. The elevation ranges from 682 to 950 m a.s.l. It is primarily used as pasture land (76%). The geology
of the catchment is characterized by the tertiary deposits of the Upper Freshwater Molasse. Pleistocene sandy
and silty gravel pockets of glacial moraines occur in the flat riparian zones along the creek. A variety of soil
types is observed; from less permeable gley soils to more permeable brown soils and regosols with relatively
large soil water storage capacities. The soil depth exceeds 50 cm. The catchment is equipped with a complete
meteorological station, a weighting lysimeter, continuous TDR soil moisture measurements at different depths
all situated at the station Büel in the centre of the catchment, 3 access tubes for groundwater level observations
and 3 runoff gauging stations (Rietholzbach/Mosnang, Huwilerbach and Upper Rietholzbach). The first
measurements of some hydrometeorological variables and of discharge at the catchment outlet began in 1975.
For some variables observations for a period of more than 25 years are now available. The internet homepage
of Rietholzbach can be accessed at http://www.iac.ethz.ch/en/research/riet/.

ANALYSIS OF 25 YEARS OF OBSERVATIONS
The 25-year observation period 1976-2000 with air temperature, precipitation, discharge and lysimeter
measurements is analysed. Fig 1 presents the mean annual air temperature at the station Büel. The mean air
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temperatures are in a range from about 5 up to 9°C and show a clear increasing trend. Corresponding to this
trend the number of frost days shows a clear decreasing trend.

Fig 1:

Mean annual air temperature and number of days with air temperature <0°C and linear trends at the
meteorological station Büel for the period 1976-2000.

Fig 2:

Annual measured precipitation totals (P-std) and the number of days with precipitation at the
meteorological station Büel for the period 1976-2000.

The annual precipitation totals Pstd measured at the standard height of 1.5 m (Fig 2) range between
1200 mm⋅y-1 and 1700 mm⋅y-1, and show a tendency toward higher variability in the last 8 years.
Such tendency is found in the number of days with precipitation, as well.
The same tendency toward higher variability in the last 8 years is also observed in the case of the catchment
runoff (Fig 3) which ranges between 650 and 1500 mm⋅y-1. Precipitation and runoff do not show any
temporal trend.
The lysimeter outflow Rlys and the change in lysimeter weight Dlys are measured with a time resolution
of five minutes. From these values the annual totals of lysimeter evapotranspiration Elys and lysimeter
precipitation Plys (Fig 4) are obtained (see next section). Plys ranges from 1200 mm⋅y-1 up to about
2000 mm⋅y-1. Plys is often more than 200 mm higher than Pstd. Plys is assumed to be the correct precipitation,
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because it is not affected by wind error. The lysimeter outflow is of the same order as the catchment outflow
at the gauge. The lysimeter evapotranspiration Elys ranges from 450 mm⋅y-1 to up to more than 600 mm⋅y-1.
Elys shows no clear temporal trend. The average seasonal maximum of Elys is reached in July with 100 mm
(Fig 5). The winter evaporation is on the order of 10 mm⋅month-1. The average seasonal maximum of Plys is
in June with about 170 mm.

Fig 3:

Annual runoff of the Rietholzbach catchment at the outlet gauge Mosnang for the period 19762000.

Fig 4:

Annual totals of lysimeter precipitation, lysimeter outflow and lysimeter evapotranspiration for the
period 1976-2000.

As a result, the highest lysimeter outflows are in winter (100-130 mm⋅month-1). The main period of soil
moisture extraction in the lysimeter (negative Dlys) coincides with the periods with lowest outflow and lasts
from March to July.
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Fig 5:

Mean monthly lysimeter precipitation, outflow, evapotranspiration and change of lysimeter weight
for the period 1976-2000.

PRECIPITATION MEASUREMENT ERROR
Precipitation at the meteorological station Büel is measured by a standard rain gauge (Pstd) (heated tipping
bucket). The gauge is installed 1.5 m above the ground. A similar rain gauge is installed at ground-level
(Pground). The ground-level rain gauge is only representative in summer because of the influence of wind
induced snow drift in winter. A precipitation amount can also be calculated from the lysimeter measurements
using the water balance equation (Moesch, 2001):
Plys = Elys + Rlys + Dlys

(1)
-1

where Elys is the actual lysimeter evapotranspiration [mm·dt ], Plys the precipitation derived from the
lysimeter [mm·dt-1], Rlys the lysimeter outflow [mm·dt-1], Dlys the weight change of the lysimeter [mm·dt-1]
and dt the used time interval. In equation (1) there are two unknowns: Plys and Elys. During precipitation
(Pstd> 0.1 mm·dt-1), Elys is set to zero and Plyscan be computed. Otherwise Plys is zero and Elys can be
computed with equation 1.
The comparison between Plys and Pstd (Fig 6) indicates that the standard rain gauge measures significantly
less precipitation in winter. In summer months, with the exception of August, Plys is only slightly higher than
Pstd. A comparison of Pground with Pstd for summer months shows the same result as when comparing Plys
with Pstd for summer months. Since the average wind speed is significantly larger in winter months than
in summer (Moesch, 2001), the precipitation measurement with the standard gauge is more influenced
by wind in winter than in summer. Wind strongly influences the losses in the precipitation measurements,
especially in case of snowfall. The reason is that the wind field above the gauge is deformed.
The precipitation particles are also lighter in case of snowfall in winter than the rain in summer, the wind has
therefore more influence on the particles in winter than in summer. Sevruk (1983) showed that the total
losses of snow measurements during winter months for the heated tipping bucket at Weissfluhjoch
near Davos was about 55%. Alongside with wind, evapotranspiration can also cause important water losses
for heated precipitation gauges.
Monthly precipitation corrections for the Rietholzbach catchment can be estimated by comparing the mean
measured monthly values of Pstd and Plys in the period 1976-2000. These monthly corrections are applied
on the standard rain gauge, and can be estimated in the first instance from the deviation between Plys and Pstd
(total correction in Table 1). The correction factors are divided into a snow and a rain correction factor
(Table 1). This is done by analysing the amount of snow and rain in the Rietholzbach catchment for the
period 1981-2000 (Pos, 2001) on the basis of hydrological simulation experiments.
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Fig 6:

Comparison of the mean monthly Plys with Pstd at the meteorological station Büel for the period
1976-2000.
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Fig 7:

The measured mean monthly total precipitation amount and the mean monthly snow amount in the
Rietholzbach catchment for the period 1981-2000.
Table 1: Monthly correction factors for snow and rain and total precipitation correction,
as used for hydrological simulations in the Rietholzbach catchment.

Month
Snow correction [%]
Rain correction [%]
Total correction [%]

Jan
61.0
23.3
36.4

Feb Mar
62.0 62.2
23.0 25.5
34.5 23.8

Apr May
58.0 35.0
14.0 4.0
13.6 4.0

Jun
3.0
2.2

Jul
0.0
0.7

Aug
0.0
-0.9

Sep
0.0
1.7

Oct
8.0
5.0
7.2

Nov
58.0
5.0
15.5

Dec
60.0
15.0
24.1

The portion of snow expressed as water equivalent when compared to the total precipitation amount is given
in Fig 7. Snow is only falling from October till May. The portion of snow is below 25% in all of these
months. The need of precipitation corrections (up to +60%) is confirmed by both a water balance and runoff
components analysis (König et al., 1994) and by the improvements these corrections provide when applied
in a rainfall-runoff modelling experiment with a spatially distributed hydrological model for the period
1981-2000 (Pos, 2001).
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MODEL RESULTS
Two differently structured rainfall-runoff models were applied to the Rietholzbach research catchment
for the simulation of hydrological processes and runoff hydrographs for the period 1981-1998. The adopted
models are the more physically based WaSiM-ETH model with grid-oriented computation of the water
balance elements and the stronger conceptual hydrological response unit based PREVAH model. Gurtz et al.
(2000, 2003) discuss the simulation results in comparison with the observed catchment discharges,
with measurements of evapotranspiration, soil moisture, outflow of the lysimeter and with groundwater
levels in 3 access tubes. The model intercomparison outlined that these two approaches for determining
runoff generation with different degrees of complexity, performed with similar statistical Nash and Sutcliffe
efficiency r2 (Table 2). The contribution of the runoff components strongly depends on the applied modelling
approach. About 50% of the computed runoff is generated by interflow. Similar results were derived from
a discharge component analysis of the observed discharge hydrograph (König et al., 1994) and from the
estimation of water residence times using natural tracers (Vitvar et al., 1999). Also, the fast response of the
ground water table observed in the wells situated at slopes in contrast to the observations in the well situated
in the moraine valley clearly confirms the existence of interflow. In comparison to PREVAH, the WaSiMETH model generates a clearly higher surface runoff contribution and a lower baseflow contribution.
This seems to outline that surface runoff is underestimated by PREVAH and slightly overestimated
by WaSiM-ETH, whereas baseflow is simulated more realistically by PREVAH as compared
to WaSiM-ETH. The reasons for such differences are connected to the models’ different runoff generation
approaches (Gurtz et al., 2003).
Table 2: Rietholzbach (1981-1998) - measured and modelled mean annual water balance [mm⋅y-1]
(P = precipitation, ET = evapotranspiration, Rsim = simulated runoff, Robs = observed runoff)
and runoff components [mm⋅y-1] (RS = surface runoff, RI= interflow, RG= baseflow),
storage change (DS) and obtained averaged efficiency score [-]
(linear = r2lin and logarithmic = r2log) for the simulation of hourly discharges.
r2lin

r2log

--

--

--

--

0.61

--

561 376

0

0.713 0.890

Rietholzbach 1596 587 1011 1013 385 494 132

-2

0.796 0.825

Method

Location

P

ET

Rsim

Robs

RS

RI

Measured

Lysimeter

1576 529

PREVAH

Lysimeter

RG DS

-

1049

--

--

--

1570 549 1020 1049

--

--

--

PREVAH

Rietholzbach 1593 583 1010 1013

73

WaSiM

CONCLUSIONS
•
•
•
•

Long-term observations, in situ measurements and special investigations in selected sites and research
catchments are very important for the investigation of long-term behaviour of the water balance elements
and for a successful calibration and validation of hydrological models and their components.
The precipitation measurement errors in the Rietholzbach catchment are considerable, especially in the
winter months due to the wind effect, and can be evaluated by the above-mentioned methods.
Detailed modelling of the runoff hydrograph and of the water balance elements in mountainous
catchments needs to consider the spatial variability in topography, landuse, soil characteristics and
meteorological inputs.
Interflow is the dominating runoff component in this catchment. Depending on the concepts of the
applied models, the contributions of the various runoff components to the total runoff can be different.
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ABSTRACT
Long-term streamwater patterns in two catchments underlain by different bedrock (leucogranite at Lysina vs.
serpentinite at Pluhův Bor) were studied by intensive field monitoring in 1989-2002 and computer modeling
which simulated the period 1851-2030. A marked decrease in the concentration of acidifying compounds
including sulfate was evident in the monitored precipitation inputs. Streamwater sulfate declined at mean rates
of 28 µeq L-1 yr-1 (Lysina) and 50 µeq L-1 yr-1 (Pluhův Bor) during the monitoring period. At the chronically
acidic Lysina catchment, pH increased at a mean rate of 0.02 pH units yr-1, however pH did not change
appreciably at Pluhův Bor. Rates of the decrease in sulfate concentration in the streamwater at Lysina and
Pluhův Bor were faster than the declines in any other reported European catchment. Pre-industrial streamwater
pH of 5.5 was simulated by the MAGIC model at Lysina. According to the model, the pH dropped below 3.9 in
the 1980s and should increase to 4.3 by 2030. Soil base saturation declined dramatically from about 25% to only
6% at Lysina. This severely acidified site will not return to good environmental conditions in the upcoming
decades. According to MAGIC, pH was at a similar level (between 6.9 and 7.2) during the whole simulation
period as well as the soil base saturation (between 84 and 95%) at the acid resistant Pluhův Bor catchment.
Therefore it is obvious that the Pluhův Bor was able to mitigate long-term acidification. The two catchments
served as valuable end-members of central European spruce regions of middle altitude.

Keywords acidification recovery, Czech Republic, leucogranite, long-term monitoring, MAGIC
model, serpentinite, small catchments, water chemistry

INTRODUCTION
Severe impacts of air pollution on forested and aquatic environments were documented in the Czech
Republic (Moldan and Schnoor, 1992). There is an interest in long-term monitoring of small forested
catchments to document changes in biogeochemical patterns (Likens et al., 1996). There is also considerable
interest in computer simulations of these patterns (Tiktak and van Grinsven, 1995), especially the predicted
recovery from acidification (Evans et al., 2001).
The main objective of this study was to investigate long-term streamwater patterns in two catchments
with different geology. These catchment serve as end-members of sensitivity to acidic atmospheric
deposition. Another objective was to simulate expected recovery after a decade of massive reduction
of sulfur emissions in the “Black Triangle” of central Europe. The MAGIC model was also tested in this
application in very acidic as well as alkaline environments.

SITE DESCRIPTION AND METHODS
The catchments are situated in the Slavkov Forest (Slavkovský les), in western Bohemia, Czech Republic
(Fig 1). The 27.3 ha Lysina catchment is underlain by base cation-poor leucogranite and the 22.0 ha Pluhův
Bor catchment is underlain by base cation-rich (predominantly Mg) serpentinite. They are both forested
mainly by Norway spruce (Picea abies) plantations, and they are located only 7 km apart. The spruce stands
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have an average age of 50 years at Lysina. At Pluhův Bor, the dominant spruce stands are about 100 years
old. The elevation at Pluhův Bor is slightly lower than at Lysina (Fig 1). Mean annual air temperature is 5oC
at Lysina and 6oC at Pluhův Bor.
Surface water flow from the catchments was monitored continuously since 1989 at Lysina and 1991
at Pluhův Bor using V-notch weirs and water level recorders. Runoff samples were collected usually weekly.
Bulk precipitation from the open areas was collected since 1990, and throughfall (precipitation below tree
canopy) since 1991. Soils were sampled mainly in 1993, tree tissue samples were collected in 1994.
Procedures for chemical analyses are described in detail in Krám et al. (1997).
MAGIC (Model of Acidification of Groundwater in Catchments) was designed to reconstruct the historical
development of acidification and to predict future drainage water and soil chemistry (Cosby et al., 1985).
It uses a lumped representation of geochemical processes in the catchment. Water fluxes, atmospheric
deposition, net vegetation uptake, weathering rates, and properties of organic acids are required as external
inputs to the model. MAGIC simultaneously solves equilibrium reactions between the soil exchanger and
soil solution, usually in annual time steps. The simulation outputs are fluxes and volume-weighted
concentrations in soil water and surface water as well as basic soil chemistry. Version 5.01 of MAGIC
(Cosby, 1991) was used in this application.

Fig 1:

Maps of the Lysina and Pluhův Bor catchments in the western Czech Republic. Topographic
contours are shown every 5 meters. Elevation range of Lysina is 829-949 m a.s.l., the elevation
of Pluhův Bor is 690-804 m a.s.l. Only the major stream channels are shown.
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RESULTS AND DISCUSSION
Pluhův Bor is drier than the Lysina catchment. Mean annual precipitation in open areas was about 950 mm
at Lysina compared to approximately 850 mm at Pluhův Bor. Less precipitation at Pluhův Bor reflects its
lower altitude compared to Lysina and partially also a rainfall shadow east of the major peaks of the Slavkov
Forest. Mean annual throughfall was approximately 820 mm at Lysina, and 670 mm at Pluhův Bor.
The lower throughfall flux was influenced by slightly higher temperatures at Pluhův Bor. Annual runoff
averages are 430 mm at Lysina and 270 mm at Pluhův Bor. Calculated evapotranspiration was 390 mm
at Lysina and 400 mm at Pluhův Bor, given the reported throughfall and runoff values and the assumption
of zero storage.
Lysina exhibited incomplete neutralization of mineral acids and it showed low streamwater pH (Fig 2) and
higher concentrations of Al. Pluhův Bor exhibited efficient neutralization of acids by weathering of Mg-rich
silicates. It showed near neutral streamwater pH (Krám et al., 1997, 2000). Measured Gran alkalinity
(by titration) was always negative at Lysina, even during baseflow conditions (Fig 3). However the alkalinity
was very high at Pluhův Bor, except during snowmelt periods or large storms.
Marked decreases in the concentration of major acidifying compounds (SO4, F, H), dust representing solutes
(Al, Si) and trace metals (As, Pb, Be) was evident in the bulk precipitation and throughfall during the 1990s.
The strong decline in atmospheric deposition of sulfur in the study area in the 1990s (Hruška et al., 2002)
resulted in changes of streamwater chemistry in the study catchments. Time series of streamwater
concentrations showed a significant decrease of SO4 at Lysina and Pluhův Bor over the periods 1989-2001
and 1991-2001, respectively. SO4 declined at mean rates of 28 µeq L-1 yr-1 (Lysina) and 50 µeq L-1 yr-1
(Pluhův Bor). Annual volume-weighted mean SO4 declined from 568 µeq L-1 in 1990 to 232 µeq L-1 in 2000
at Lysina (Fig 4), while pH increased at a mean rate of 0.02 pH units yr-1. Pluhův Bor experienced
an extremely large decline of SO4 from 1035 µeq L-1 in 1992 to 332 µeq L-1 in 2000. Despite the large
decrease in SO4 concentrations, pH did not change appreciably at Pluhův Bor. A decrease in concentrations
of Mg (13 µeq L-1 yr-1) and Ca (2 µeq L-1 yr-1) were observed in this catchment. At Lysina the decline of SO4
was accompanied by a decrease of base cations at a mean rate of 16 µeq L-1 yr-1 (11 µeq L-1 yr-1 by Ca,
3 µeq L-1 yr-1 by Mg). Charge balance acid neutralization capacity (ANC) increased by 15 µeq L-1 yr-1 at
Lysina and by 35 µeq L-1 yr-1 at Pluhův Bor. Rates of the decrease in the concentration of sulfate and the
increase of ANC in the streamwater at Lysina and Pluhův Bor were faster than the changes in any other
monitored European catchments (Evans et al., 2001; Fölster and Wilander, 2002).
The MAGIC model (Cosby, 1991) was applied to estimate streamwater and soil chemistry between 18512030 at Lysina (Hruška et al., 2002) and at Pluhův Bor. Estimated atmospheric deposition was used
for 1851-1989, and the measured deposition was used in 1990-2000. The average of the measured deposition
from the last two years (1999-2000) was applied for the future deposition in 2001-2030. According to the
MAGIC simulation, sulfate concentrations in streamwater peaked in the middle 1980s (Fig 4), several years
after the peak of sulfur deposition in 1979 (due to soil adsorption of part of the incoming sulfur).
Similarly the decrease of concentrations of sulfate will be slowed down partially by desorption of previously
stored sulfur in the soil. Both catchments should be close to a new equilibrium with respect to sulfur in 2030.
Streamwater pH at Lysina will increase to 4.3 (Fig 5), and soil base saturation will increase to 6.2% by 2030
(from a minimum of 5.7% estimated for 2002). Pre-industrial pH was estimated to be 5.5 and soil base
saturation 24.7%. The loss of base cations was caused predominantly by atmospheric acidity, but intensive
forestry was responsible for approximately one third of the net base cation loss via accumulation in harvested
biomass at Lysina (Hruška et al., 2002). Severely damaged sites, under continued pressure from forestry, will
not suddenly (if ever) return to a good environmental condition when the acid deposition input is only
partially reduced. According to MAGIC, the Pluhův Bor streamwater pH will stabilise by 2030 (pH 7.1) at a
level similar to the simulated pre-industrial value (pH 7.2) (Fig 5). Similarly, soil base saturation, simulated
as 95% in 1851, declined to 84% in 1993 and was predicted to remain at 84% in 2030.
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Measured streamwater pH at Lysina and Pluhův Bor catchments for 1989-2002.
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The most pronounced difference between the catchments, which caused marked differences in long-term
responses to acidic inputs, is the weathering rate. Weathering of base cation (Ca+Mg+K+Na) was estimated
to be only 62 meq m-2 yr-1 in the granitic Lysina catchment, but for the serpentinite at Pluhův Bor,
a weathering rate of 241 meq m-2 yr-1 (96% of Mg) was estimated. Predicted recovery of biologically
important parameters is small in streamwater and soil compared to the pre-industrial estimate at the
chronically acidified Lysina catchment. The acid resistant Pluhův Bor catchment, however, was able
to mitigate significant long-term surface water acidification. The MAGIC model simulated successfully both
the acidic and alkaline catchments.

CONCLUSIONS
The Lysina and Pluhův Bor catchments served as valuable end-members of ecosystem behaviour in the
period of marked acidification and recovery. The Lysina catchment was significantly acidified in the past
and predicted recovery is very small in comparison to the estimated pre-industrial pH. Pluhův Bor was able
to mitigate long-term acidification. It was partially acidified only during short-term hydrological episodes.
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ABSTRACT
The paper presents a method of groundwater level reconstruction in the Niepołomice Forest during a period with
no available instrumental measurement records. A neural network model was developed using measured average
monthly air temperature, total precipitation and average groundwater level data. The data were then extrapolated
spatially using linear regression between one-year-long groundwater level data from different forest sites.
The groundwater levels were adjusted with trial correction for changes in water consumption due to the treestand ageing.

Keywords groundwater levels, neural networks, forested catchments
INTRODUCTION
The Drwinka catchment drains part of the Niepołomice Forest located near one of Poland’s largest industrial
enterprises, an early 1950s steel plant in Nowa Huta, Kraków. Over the last 50 years, extensive industrial
emissions were influencing the local forest environment. The magnitude of this influence and the resulting
destruction have been investigated by many forest-ecology teams (Kleczkowski, 1981; Grodziński et al.,
1984; Weiner et al., 1998). The groundwater table, along with industrial emissions, has the potential
to influence the state of the forest. Information on groundwater levels before and after the opening of a steel
complex should make an assessment possible as to what extent the groundwater table fluctuations have been
influencing the state of the forest environment, and to what extent its destruction has resulted from industrial
emissions.
The paper aims at reconstructing the groundwater fluctuations in the Drwinka forested catchment for the
period 1901-1960, using the available groundwater table data for 1961-2000 and meteorological data for the
whole 20th century.
The Niepołomice Forest and the Drwinka catchment are situated in the Vistula River valley, between the
Vistula itself and its tributary Raba River, at 190-214 m a.s.l. The dominant bedrock is Pleistocene sand, clay
and gravel of glacifluvial and fluvial origin covering deeper layers of the Miocene silt and clay. The sand has
been partly wind-transformed and forms chains of dunes. The groundwater table depth is usually between 14 m, except at glacifluvial hills and dunes, where it locally exceeds 8-10 m below the surface. The dominant
plant communities include coniferous fresh and wet mixed forests (50%), deciduous forests (24%) and fresh
and wet mixed forests (20%) (Kleczkowski, 1981).

RECONSTRUCTION OF GROUNDWATER LEVEL FLUCTUATIONS
The only groundwater monitoring well in the Niepołomice Forest in Poszyna (Fig 1) provided weekly
records from as early as 1953, but reliable data without major gaps are available since 1961. Other sites
distributed around the Niepołomice Forest were operating irregularly and only for short periods. In contrast
to this patchy picture, very long and reliable meteorological data series (air temperature and precipitation
since the mid 18th century) are available for the nearby city of Kraków (20 km west). Assuming
a relationship between the meteorological and groundwater variables and provided meteorological data
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for 1901-2000 (Kraków) and the groundwater table data for 1961-2000 (Poszyna), the authors embarked
on building a neural-network model (Masters 1996) with the aim to use it in reconstructing groundwater
level fluctuations at Poszyna prior to 1961.

Poland
Kraków

Vistu

37

la

Nowa Huta
steel industry

43
9

to Kraków

Drw

inka

Poszyna

13

15 14

Niepołomice Forest

17

28

1
0 1

Fig 1:

2

R

a
ab

A

3 km

Location of the Drwinka catchment and groundwater measuring sites in the Niepołomice Forest.

Neural network modelling procedure
The predictor concept was applied to solve the issue of groundwater level modelling based on artificial
neural networks. A predictor is a conversion of past data series into a simulated present value. The artificial
neural network learning method is a classical algorithm of back-propagation with momentum, mixed
with pruning by optimal brain surgery (Stork and Hassibi, 1993).
The neural model was applied to fill the gaps in the data series and to reconstruct the groundwater level
fluctuation history. The following values were used in the model development: average monthly
groundwater table data (Poszyna), average monthly air temperatures (Kraków) and monthly precipitation
totals (Kraków), during 1961-2000.
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To build the neural model the following questions had to be answered: (1) Are the Krakow meteorological
data and the Poszyna hydrological data sufficient to model groundwater table fluctuations at Poszyna?
(2) Is the Krakow meteorological series sufficient as input to model groundwater table fluctuations
at Poszyna?
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Time series elements used by nets.

To answer the first question in an experimental way a model was built that derived future groundwater table
values at Poszyna using both the Krakow weather data and the past groundwater table data from Poszyna
(Fig 2A). The transformation sought (model structure) had to turn these data strings into single water table
values.
The learning process involved seeking nets, which minimised the following formula:
Σ|| net(Pt-6..., Pt, Tt-6,..,Tt,Ht-6,...,Ht-1) – Ht||2→ min

(1)

where ||.|| was an Euclidean standard and Pt, Tt and Ht denoted, respectively, monthly total precipitation,
average air temperature and average water table values at a given time t. The data was subject to linear
transformation into the range [0.02, 0.98]. Then, for each of the issues, separate sets were built consisting
of all (452) 7-components of the time series corresponding to the input and output of the models.
The learning sets were created by random selection of 300 components. The remaining components
constituted an independent testing set. Identical learning processes were applied based on the standard backpropagation with momentum method. A perceptron with one hidden layer and sigmoid activations is the
architecture. To optimise the architecture, a series of experiments was performed where the network was
trained for a defined period of time and various learning factors. The best of such networks were then
selected and subjected to pruning with the Optimal Brain Surgery method (Stork and Hassibi, 1993).
The final step involved yet another selection of the best solutions which were trained again on small learning
factors.
The pruned networks contain lower numbers of input units and a much lower number of links. Fig 3
summarises the input parameters, while Table 1 shows the experiment results.
Table 1: Error measures for the best nets in the first numerical experiment.
Learning set
Measure\Net
1
2
3
4
5
6
7
8
9
Median [cm]
6.6
5.7
6.5
6.3
6.1
6.1
6.2
6.3
6.3
Mean [cm]
8.1
7.1
7.9
7.5
7.7
7.7
7.3
7.8
7.8
Std. dev. [cm]
6.7
5.5
6.5
5.7
6.3
6.3
5.6
6.4
6.5
Correlation coef.
0.95 0.96 0.95 0.96 0.95 0.95 0.96 0.95 0.95
Testing set
1
2
3
4
5
6
7
8
9
Measure\Net
Median [cm]
8.0
7.1
6.4
6.7
6.2
6.2
6.5
6.5
6.4
Mean [cm]
9.3
8.3
8.2
8.2
8.3
8.3
8.2
8.3
8.3
Std. dev. [cm]
7.1
6.3
6.6
6.6
7.0
7.0
6.6
6.5
7.2
Correlation coef.
0.94 0.96 0.96 0.95 0.95 0.95 0.96 0.95 0.95
Shadowed columns show the measures before pruning, non-shadowed after pruning
Table 2: Error measures for the best nets in the second numerical experiment.
Learning set
Measure\Net
1
2
3
4
5
6
7
8
9
Median [cm]
11.0 16.3 12.8 11.2 11.7 12.1 11.9 11.3 11.3
Mean [cm]
15.2 20.5 15.6 15.2 15.5 15.8 15.4 15.1 15.3
Std. dev. [cm]
13.0 16.5 12.8 12.9 12.8 12.9 13.2 12.9 12.9
Correlation coef.
0.81 0.73 0.81 0.81 0.81 0.80 0.81 0.82 0.81
Testing set
1
2
3
4
5
6
7
8
9
Measure\Net
Median [cm]
13.8 16.3 14.1 13.8 13.0 15.2 13.5 13.9 14.4
Mean [cm]
17.7 20.1 18.0 17.7 17.6 18.1 17.7 17.7 17.7
Std. dev. [cm]
14.5 16.2 15.3 14.5 15.3 14.3 14.4 14.6 14.2
Correlation coef.
0.72 0.70 0.71 0.72 0.71 0.72 0.73 0.72 0.72
Shadowed columns show the measures before pruning, non-shadowed after pruning
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10
5.5
7.4
6.5
0.95
10
6.4
8.4
6.5
0.95

10
11.4
15.5
13.0
0.81
10
14.8
17.7
14.4
0.72

Two architecture types clearly emerged after pruning. The first is represented by network No. 5, 6 and 9
involving two elements of each time series (hydrological/meteorological parameters). The other type
of networks (3,8 and 10) only used a single value of the water table and relied heavily on multiple historical
air temperature values.
To answer the second question a model was required that would only rely on the Kraków meteorological
data to yield groundwater table values at Poszyna (Fig 2B). A model based on this relationship can be used
to fill the gaps and reconstruct groundwater table levels, because there are no groundwater table values at the
input. Here, the minimised formula has the following form:
Σ|| net(Pt-6..., Pt, Tt-6,..,Tt) – Ht||2→ min

(2)

Obtained

Obtained

For the independent test set the error measures are shown in Table 2. Although the results were not as good
as in the previous case they were still useful in obtaining values close to the real ones. This model was used
to perform a full conversion of the Kraków meteorological data into the Poszyna groundwater level series.
Comparison of measured and simulated groundwater levels is shown in Fig 4.

Measured

Measured

Ground-water level

Measured
Obtained

Time

Fig 4:

Comparison of the measured and simulated groundwater levels for learning (A) and test (B) sets
and comparison of the course of measured and simulated groundwater levels (C) obtained in the
second numerical experiment for the example net.

Assigning groundwater fluctuations in different parts of the catchment area
Both the reconstructed and observed groundwater levels at Poszyna mirrored periods of dry, medium and
wet years. Having the groundwater levels for Poszyna available for the whole 20th century, the next step
of the procedure was to reconstruct groundwater table fluctuations in other parts of the catchment area.
In order to find the relationship between groundwater fluctuations at Poszyna and other parts of the
catchment, nine piezometric wells were set up in different parts of the forest, and then used for a one-yearlong (May 1999-April 2000) monitoring, which was simultaneous with the one at Poszyna (Fig 5). The wells
were located in tree stands aged at least 100-years, to make future studies possible on the relationship
between groundwater levels and annual tree-ring increments.
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The one-year-long series of measurements displayed a clear linear relationship between water levels in the
piezometric wells and Poszyna. This relationship was used to calculate the groundwater levels at the
monitoring sites for the whole 20th century. As the linear relationship between the Poszyna and piezometric
wells was based on a one-year-long series of observations, the question rose whether this relationship is valid
for the whole 20th century. One of the factors to consider is the changing age of the tree stands and resulting
changes in transpiration efficiency influencing groundwater levels over the period studied. An attempt
to solve the issue was made using Suliński’s formula (1990) illustrating a relationship between the mean
groundwater table depth H [m], tree stand age A [years] and the filtration coefficient in water-bearing
deposits K [10-5 m s-1]:
HA = 40,05 K0,198 A0,278 e-0,020A

J

J

A

1999
S

O

N

D

J
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F
M

A

Depth to ground-water table in cm

M

(3)

cm

Fig 5: Groundwater levels in Niepołomice Forest from 3 May 1999 to 23 April 2000.

Depth to ground-water table in cm

Fig 6 shows the groundwater levels for the 140-year-old pine stand (Molinio-Pinetum) at site 15 (A) without
any adjustment for tree age, and (B) with adjustment based on the formula (3). The doubts connected with
the use of the formula rose due to the unknown effect of tree ageing at the Poszyna well, which is situated in
a woodland glade, surrounded by forest with an unknown effect on the groundwater level at the monitoring
site. The whole reconstruction procedure is shown in Fig 7.

Fig 6:

A

B

Long-term course of groundwater level at site 15 unadjusted (A) and adjusted (B) for tree-stand
age.
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Fig 7:

Reconstruction procedure of the groundwater level fluctuations in the Niepołomice Forest.

CONCLUSIONS
Neural networks provide a useful tool for groundwater level modelling based on meteorological variables.
They were used to perform a successful conversion of the Kraków meteorological data into the Poszyna
groundwater level series. Linear regression between groundwater levels at Poszyna and different forest sites
can be used for the spatial extrapolation of data. Further studies are needed to assess the impact of tree
ageing on the long-term groundwater level trends.
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ABSTRACT
In this paper, longterm effects of an afforestation scenario on the landscape water balance are analysed using the
GIS-coupled conceptual hydrological model THESEUS for the spatially distributed calculation of water balance
and discharge. In a regional case study, longterm model runs were performed using a spatial data set from
a mesoscale catchment including time series for the period 1953-1997. This catchment is located in the moraine
landscape of North-East Germany. For the afforestation scenario, the model calculates a decrease in discharge
on the order of 4-50 % with an average of 24 % and an increase in evapotranspiration on the order of 3-31 %
with an average of 14 % in comparison with the actual landuse. As a result of the afforestation scenario, extreme
peak discharges decrease on the order of 4-5 %.

Keywords afforestation, landscape water balance
INTRODUCTION
Due to a changing agricultural funding policy of the European Communities, a discussion came up, that
agricultural areas with a low agricultural production potential should be set aside in the state of Brandenburg,
Northeast-Germany (MLUR, 2002). This concerns about 15-20 % of the actual area of arable land
(Bork et al., 1995). A suggested future land use of these set-aside areas is afforestation with mixed deciduous
forest. Mean annual precipitation rates in Brandenburg range between 480-530 mm y-1, with dry periods
in the early summer months (Krumbiegel and Schwinge, 1991). People opposing larger scale afforestation
often argue that forests would increase interception as well as evapotranspiration losses and strongly reduce
ground water recharge (Bork et al., 1995). To predict the effect of afforestation at the catchment scale,
hydrological simulation models were used in several studies (e.g. Bultot et al., 1990; Lukey et al., 2002).
In a previous paper, a conceptual hydrological model was tested and calibrated using data from the Stobber
catchment located in Brandenburg (Wegehenkel, 2002). Within a simple afforestation scenario, the forested
area increases from 34 % to 80 % of the catchment area. The impact of this change in the forest cover was
analysed using the calibrated hydrological model (Wegehenkel, 2002). In this paper, results of longterm
water balance calculations based on the actual landuse and the afforestation scenario over a time period
of 47 years with a focus on extreme precipitation and discharge events will be presented.

MATERIAL AND METHODS
Stobber catchment
The Stobber catchment with an area of 220 km2 is located about 35 km east of Berlin in the moraine
landscape of Brandenburg, North-East Germany. The elevation range is between 5 and 139 m above sea
level. The database in the Geographical Information System (GIS) consists of a land use map, soil map,
digital elevation model with a grid resolution of 50 m x 50 m, and a map of the river network
in the catchment (Fig 1). The actual land use of the Stobber catchment is 51 % arable land and 34 % forests.
The remaining 15 % include meadows, settlement areas and water bodies. Most soils in the catchment are
of sandy texture indicating relatively high infiltration and percolation rates. The mean channel slope
of the river network is ≤ 0.1%. The main flow direction is north-east draining into the Odra River (Fig 1).
Daily values of precipitation, air temperature, saturation deficit of air, wind speed and solar radiation were
available for the period 1953-1997. These data were obtained from a meteorological station in Müncheberg
located within the catchment (Fig 1). Annual precipitation for this time period ranged between
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412-944 mm y-1, the mean annual rate was 650 mm y-1. Furthermore, daily discharge rates used
for the calibration of the model were measured for 1994-1997 at a gauging station located within the
catchment (Fig 1). Annual precipitation for the period 1994-97 ranged between 583-855 mm y-1, the mean
annual rate was at 673 mm y-1. In comparison with the mean value and the range of annual precipitation
obtained from the period 1953-1997, the data from 1994-1997 are representative for the hydrometeorological
conditions of the total time period, with some restrictions. A detailed overview of the database and data
preprocessing procedures can be found in Wegehenkel and Steidl (2000) and will not be repeated here.

Fig 1:

Simplified river network and subbasins of the Stobber catchment (adapted from Wegehenkel
and Steidl, 2000).
Table 1: General characteristics of the hydrological model THESEUS.
Spatial discretisation
Time discretisation
Characterisation
Evapotranspiration
Vegetation cover
Interception
Snowmelt
Infiltration
Unsaturated Zone
Overland- Channel Flow
Saturated Zone

Hydrotopes, subbasins, catchment
1 day
Conceptual
PENMAN, HAUDE, TURC, WENDLING, PENMAN-MONTEITH
Semi-empirical plant modelling approach
Single linear storage
Degree-day approach
Modified Holtan approach
Multiple layer capacity model
Linear storage routing over subbasins and catchments
Single linear storage – routed over watersheds and catchment

Simulation model THESEUS
An overview of the hydrological catchment model THESEUS is shown in Table 1.
THESEUS is coupled with a GIS and needs three coverages:
• Hydrotopes - this coverage results from the overlay of the landuse map with the soil map. For each
hydrotope, information about the soil type, the soil quality index, the land use class or crop type,
the corresponding subbasin, the ground water level and the mean elevation are stored in the database.
• Subbasins (Fig 1) - this coverage results from the GIS-based delineation of the digital elevation model
(DEM) and consists of information about the mean elevation and the subsoil of each subbasin.
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•

Rivernet (Fig 1) - this coverage results from an overlay of the subbasins map, the DEM and river
network and includes information about the cross-section profiles and the elevation of the river nodes
of each river section as well as a reference to the corresponding downstream river section.

Surface runoff and ground water recharge computed separately for each hydrotope are accumulated
for the corresponding subbasin per modelling time step. For each subbasin, accumulated surface runoff is
routed by a fast linear storage and accumulated ground water recharge is routed by a slow linear storage.
The discharge comprised of the outflows of these two storages is assigned to the corresponding river section
of the subbasin. Streamflow through the river network is simulated by a linear storage cascade of all river
sections down to the outlet of the catchment. A detailed description of the model can be obtained
from Wegehenkel (2002).
Modelling procedures
The model calculations were performed using the actual landuse distribution and an afforestation scenario.
In this scenario, all arable land will be afforested with mixed forest (beech-oak) and the forest cover
proportion increases from 34 % to 80 % of the total catchment area. The initial soil water contents of all
hydrotopes were set equal to the corresponding field capacity. Daily rates of measured precipitation were
empirically corrected within the model by multiplying the precipitation rates with a factor of 1.1.
Former investigations indicate that the precipitation rates obtained from the weather station Müncheberg can
be assumed to be representative for the total Stobber catchment (Wegehenkel and Steidl, 2000). According to
Koitzsch and Günther (1990), the maximum interception capacity of crops Scmax was set at 2.5 mm d-1.
The maximum interception capacity of forests was set to 6 mm d-1 for coniferous, and to 4 mm d-1 for mixed
and deciduous forests. Results of water balance calculations from different experimental forest test sites
in Brandenburg show that these values of Scmax result in the best fit of measured versus simulated canopy
interception (Wegehenkel et al., 2001). In this study, measured canopy interception rates were determined
by the difference between measured precipitation rates and measured throughfall rates (Wegehenkel et al.,
2001). The rooting depth was set to 200 cm for all forest types (Raissi et al., 2002).

RESULTS
Longterm simulations for the Stobber catchment
The model was calibrated using measured daily discharge rates from the period 1994-1997. A detailed
description of the calibration procedure and the performance of the model can be obtained from Wegehenkel
(2002). The results of the longterm calculations of daily discharge rates for the actual landuse and for the
afforestation scenario are presented in Figs 2-4 for selected time periods.
The daily discharge rates obtained for the afforestation scenario are in general lower than those obtained
for the actual landuse. This is due to higher evapotranspiration and interception rates of forested areas
in comparison with arable land. The most extreme precipitation events occur on 9.6.1953 with a daily rate
of 106 mm d-1, on 12.6.1966 with 115 mm d-1, and on 8.8.1978 with the highest recorded daily precipitation
rate of 202 mm d-1. For the first event (9.6.1953), the peak discharge for the actual landuse was 9.2 m3 s-1 and
for the afforestation scenario 8.7 m3 s-1 (Fig 2). For the second event (12.6.1966), the peak discharge
for the actual landuse was 8.3 m3 s-1 and for the afforestation scenario 7.9 m3 s-1 (Fig 3).
For the third event (8.8.1978), the peak discharge for the actual landuse was 16.7 m3 s-1 and for the
afforestation scenario 16.0 m3 s-1 (Fig 4). Annual rates of precipitation, actual evapotranspiration and
discharge for the Stobber catchment for the time period 1953-97 are shown in Fig 5. For the actual landuse,
the mean annual rate of actual evapotranspiration for 1953-97 was 450 mm y-1 and the annual rates ranged
between 323-531 mm y-1. For the afforestation scenario, the mean annual rate of actual evapotranspiration
was 511 mm y-1 and the annual rates ranged between 409-582 mm y-1. Annual discharge rates varied
between 48-434 mm y-1 with an average of 201 mm y-1 for the actual landuse, and ranged between
33-366 mm y-1 with an average of 155 mm y-1 for the afforestation scenario (Fig 5). Annual rates
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of evapotranspiration calculated according to the afforestation scenario increased on the order of 3-31 %
(with an average of 14 %) compared to the evapotranspiration due to the actual landuse.
Annual discharge rates calculated according to the afforestation scenario decreased on the order of 5-40 %
(with an average of 24 %) compared to the discharge due to the actual landuse (Fig 5).

Fig 2:

Daily rates of precipitation (Prc) and discharge (Q) simulated according to the actual landuse
and according to the afforestation scenario, 1953-1960.

Fig 3:

Daily rates of precipitation (Prc) and discharge (Q) simulated according to the actual landuse
and according to the afforestation scenario, 1961-1968.

DISCUSSION
The relationship between the change in forest canopy and the catchment water yield depends on the age and
the type of forest canopy such as mixed, coniferous and deciduous forests and has been analysed in many
papers (e.g. Bosch and Hewlett, 1982; Bultot et al., 1990; Hornbeck et al., 1993; Lukey et al., 2000; Sahin
and Hall, 1996; Stednick; 1996). In general, afforestation increases evapotranspiration and interception,
and decreases ground water recharge as well as surface runoff. In a study by Bultot et al. (1990), a reduction
of the discharge on the order of 18 % was predicted for an afforestation scenario of set-aside areas
in a 114 km2 catchment in Belgium using a calibrated hydrological catchment model. In another study,
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the SHETRAN model predicted a reduction of annual discharge rates in the case of afforestation on the order
of 20-54 % of the discharge simulated on the basis of the actual landuse, for a six-year period with annual
rates of precipitation ranging between 878-1012 mm y-1 (Lukey et al., 2000). Sahin and Hall (1996) analysed
the relationship between forest canopy reduction and change in catchment water yield, analysing data
from 145 experiments. According to their results, a 10 % reduction in forest canopy leads to a mean increase
in water yield of 20-25 mm y-1 for coniferous forests and to a mean increase of 17-19 mm y-1 for deciduous
forests. Another study by Bosch and Hewlett (1982) using data from 94 experiments reports an average
increase in water yield of approximately 40 mm y -1 for a 10 % removal of cover in pine forests, and
an average increase of 25 mm y-1 for a 10 % cover reduction in deciduous forests. Similar results were
obtained by Stednick (1996) and Hornbeck et al. (1993). The results for the Stobber catchment are similar
to those obtained in the literature. However, the simulated decrease in three extreme peak discharges
due to the afforestation scenario was only on the order of 4-5 %.

Fig 4:

Daily rates of precipitation (Prc) and discharge (Q) simulated according to the actual landuse
and according to the afforestation scenario, 1977-1984.

Fig 5:

Simulated annual rates of precipitation, evapotranspiration and discharge based on the actual
landuse (Eta1, Q1) and the afforestation scenario (Eta2, Q2), differences Eta1-Eta2 as well as
Q1-Q2 in mm and in % of Eta1 or Q1 respectively.
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CONCLUSIONS
In comparison to short-term studies, long-term simulations give a more detailed overview of the range
of climatological conditions, especially precipitation rates, and the range of increasing evapotranspiration
and decreasing discharges in the case of afforestation. The results of such simulations can be used for future
decisions about the afforestation of distinct areas taking into account criteria such as the amount of ground
water recharge which is necessary for the replenishment of the ground water resources. The definition
of such thresholds can improve landscape planning issues for the related catchment. The results also indicate
that the THESEUS model is sensitive to large changes in forest cover in the catchment. Therefore, the model
seems to be an appropriate tool for predicting the impact of such large land use changes. However, further
research including model improvement is needed to test the model performance in water balance simulations
for additional landuse types.
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ABSTRACT
Climate change impacts on the regional water cycle belong to the most urgent issues of today’s hydrological
research. Stronger research efforts are needed especially at the regional and local scale, where political and
technical adaptation measures can be taken to avoid critical developments for the environment and society.
Studies in the past indicate considerable regional vulnerabilities to changes of both temperature and precipitation
patterns. The present study describes a methodology that allows an assessment of the influence of climate change
on the mesoscale. Results of a high temporal and spatial resolution modelling approach are presented for the
State of Brandenburg in Eastern Germany, which suffers from water deficit. The study indicates strong impacts
on various water balance components under changed climatic conditions in the period 1996-2050 and possible
water availability problems in the future. Basis for the impact study are trend analyses in Brandenburg, which
indicate a significant decrease in percolation for areas with a shallow groundwater table already in the
observation period 1961-1998.

Keywords climate change impacts, trend analyses of percolation, State of Brandenburg
INTRODUCTION
Studies of climate change impacts on the hydrological cycle play a growing role in today’s hydrological
research. Stronger research efforts are needed especially on the regional and local scale, where political and
technical measures can be taken to reduce negative effects on the environment and society.
Thus, the regional scale is crucial for an improved understanding of climate change and related processes.
Both the understanding of global climate systems and human concern about future climatic changes have
considerably increased in recent years. Since hydrological processes directly depend on climatic conditions,
important consequences are expected in regional hydrological cycles, with subsequent effects on regional
water resources. However, influences of climatic changes on these processes will differ from region
to region. Which effects will be most relevant depends on the magnitude and spatial distribution of the
climatic changes in combination with the hydrologic characteristics of the region. Studies in the last years
have shown important regional vulnerabilities to changes of temperature and precipitation patterns
(Becker and Lahmer, 1996; Becker et al., 1999; Müller-Wohlfeil et al., 2000; Lahmer and Becker, 2000;
Lahmer et al., 2000a, 2001ab; Lahmer, 2002). They suggest that climatic changes will alter basic
components of the hydrological cycle such as soil moisture, groundwater availability and the magnitude and
timing of runoff. As a consequence, this would induce dramatic environmental alterations and have
widespread implications for water resources planning and management in the future. Based on the results
of spatially distributed regional trend analyses for percolation (Lahmer and Pfützner, 2001), the main
objectives of the present study were to investigate the direction and magnitude of possible climate change
impacts on the regional hydrological cycle and to identify specifically vulnerable landcover types.
High resolution water balance calculations were performed for the State of Brandenburg in Germany both
for a reference state (period 1951-1990) and two climate change scenarios, assuming a temperature increase
of 1.5 K and 3 K in the period 1996-2050. These calculations reveal a high sensitivity of the regional water
cycle to relatively small changes in meteorological variables, and the need for suitable adaptation strategies.

STUDY REGION
The results of trend analyses for percolation and of climate change impacts on the regional water balance are
discussed for the State of Brandenburg, Germany (30,000 km2). The major part of Brandenburg is situated
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in the German part of the Elbe basin (see Fig 1), which is characterized by water scarcity, resulting from
a mean annual precipitation of about 610 mm or less. Water deficiencies (droughts) occur more frequently
here, in strong contradiction to the situation in the rest of Germany, where the meteorological conditions
in general do not induce water availability problems.

Fig 1:

Overview of the German part of the Elbe river basin and the State of Brandenburg.

METHODOLOGY
In order to forecast possible effects of climate change, appropriate modelling approaches as well as high
resolution spatial and hydro-meteorological data are necessary. Only with a sufficient density of such data
can all necessary input parameters be taken into account in the simulation calculations. However, regional
scale applications of fully distributed physically based hydrological models are often constrained by the
availability of required input data (Gleick, 1986; Beven, 1993). Therefore, a GIS-based modelling approach
is applied in the present study, which allows an effective simulation of the regional hydrological cycle.
It is based on variable spatial disaggregation and aggregation techniques to take the spatial heterogeneity
of the study region properly into account (see e.g. Becker et al., 2002; Lahmer, 1998; Lahmer and Becker,
1998; Lahmer et al., 1999), and consequently uses the GIS-based derivation of model parameters
from generally available spatial data. The basic element of this approach is the modelling system ArcEGMO
(Pfützner et al., 1997; Becker et al., 2002; Pfützner, 2002), which was successfully applied in various
investigations (i.e. Lahmer, 1998; Becker and Lahmer, 1999; Lahmer et al., 1999a, 2001c; Lahmer and
Pfützner, 2001).
In general, the assessment of the actual hydrological situation represents the basis for the evaluation
of changes due to scenarios of climate change. Therefore, crucial components of the meso- to macro-scale
modelling approach are a proper description of all hydrological processes relevant at that scale and
the knowledge of modelling sensitivities. With respect to the processes, only algorithms can be used which
are fed by available input parameters. For example, for actual evapotranspiration only approaches like that
of Turc (1961) can be used, since then the necessary meteorological input parameters can be provided with
a sufficient spatial density. With respect to modelling sensitivities, problems generally arise from the quality
of the available spatial and temporal data and the procedures of spatial aggregation and disaggregation
(e.g. an adequate hydrotope classification). Several sensitivity studies were performed in the past to assess
both the influences of data uncertainties, as well as interpolation and aggregation techniques (Lahmer et al.,
1999b; Lahmer et al., 2000b; Lahmer and Pfützner, 2000). Taking a common data situation into account,
the uncertainties of the modelling approach can be assumed to be on the order of 5 to 10 %.
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More information on the general characteristics of ArcEGMO and details of model application is available at
www.arcegmo.de.

TREND ANALYSES OF PERCOLATION
Trend analyses of percolation performed for the State of Brandenburg were the reason to study climate
change impacts in that region. The results of these analyses are part of two studies performed for the
Brandenburg Environmental Agency (Lahmer et al., 2001c; Lahmer and Pfützner, 2001) using the GIS-based
modelling approach introduced above. They indicate some considerable changes in water balance
components already under the current climate, and agree with observations of numerous groundwater
logging stations in Brandenburg which indicate a considerable decrease of groundwater table depth.
Variations of percolation due to a decrease in precipitation and/or an increase in temperature are thought
to be the reason for this decrease.
Water balance calculations were performed on 57,836 spatial units, which result from the GIS-based
combination of landuse, soil, groundwater table depth and subbasin maps. These units were aggregated
into 1,599 hydrotopes and 15 hydrotope classes. The aggregation method and the reason for its application
are outlined in several publications (e.g. Lahmer and Becker, 1998; Lahmer et al., 1999a; Becker et al.,
2002). Since the spatial distribution of meteorological input variables plays a key role in meso- to macroscale
hydrological modelling (see e.g. Lahmer, 1998; Lahmer et al., 2000b), reliable results for evapotranspiration,
groundwater recharge, surface runoff and basin discharge can be achieved only if the spatial and temporal
resolution of climatic information is high enough to represent the meteorological heterogeneities of the study
region. Therefore, meteorological time series from 23 climate and 54 precipitation stations were included in
the simulations runs. In addition, an appropriate interpolation method was used to distribute
the meteorological information over all spatial units (see e.g. Lahmer and Becker, 1998; Lahmer et al.,
1999b, 2000b).

Fig 2:

Annual sums of percolation calculated for the State of Brandenburg in the period 1961-1998.
Besides the mean and the standard deviation, a linear regression curve as well as moving averages
for 5 and 10 years are shown. The decrease indicated by the regression curve turns out to be not
significant.

Based on the aggregated digital maps and the spatially distributed meteorological information, various water
balance components were calculated on a daily basis for the period 1961-1998. Trend analyses show whether
and to what extent percolation changes occur in Brandenburg, and how the extreme summers in the last
decade of the 20th century contribute to this change. One result of the simulation calculations is the high
variability of the annual sums of percolation given in Fig 2. The annual mean for the period 1961-1998
amounts to +86 mm (+107 mm in the winter and -21 mm in the summer period), resulting in a mean annual
total runoff of 106 mm (60 % of which occurs in the winter period).
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Since climatic variations are assumed to be the reason for the observed decreasing groundwater table
in Brandenburg, analyses of corresponding time series can reveal tendencies, which influence the regional
water cycle in general, and percolation in particular. In such analyses, based on annual values for the period
1961-1998 only, the increase of the mean daily temperature by about 1 °C turns out to be statistically
significant. All other meteorological variables show more or less pronounced, but not significant changes.
This is also true for precipitation, which decreases by almost 13 mm between 1961 and 1998. Performing
such analyses on a half-year basis results in statistically significant changes (trends) only for mean daily
temperature and potential evapotranspiration in the winter. With changes of +1,6 °C and +24,2 mm,
respectively, the trends are rather evident.
Since percolation and its changes vary both in time and space, this water balance component was statistically
analysed for different periods and temporal aggregations (annual, winter, summer, quarterly and monthly
values). The linear regression of annual sums given in Fig 2 indicates a decrease of percolation
in Brandenburg from 95 mm in 1961 to about 77 mm in 1998. However, this decrease by almost 20 % turns
out to be statistically not significant. The same is true for winter, summer and quarterly values. Only for May
is a significant negative trend in percolation derived. In order to identify areas characterized by a significant
change in percolation in the state of Brandenburg, trend analyses were performed for all 1,599 hydrotopes.
According to Fig 3, the absolute changes in the period 1961-1998 range from -140 mm to +50 mm.
About 75 % of the total area shows a decrease in percolation. However, following the Mann-Kendall
significance test, only 4.4 % (or 1,331 km²) of the total area is characterized by a significant (negative)
change in percolation, ranging from -12 mm to -98 mm.

Fig 3:

Absolute changes of percolation calculated for the State of Brandenburg in the period 1961-1998
(in mm).
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To answer the question which areas show the largest changes in percolation, the map shown in Fig 3 was
differentiated based on the 15 hydrotope classes used for the simulation runs. The analysis shows that only
the classes ‘wetland‘, ‘farmland‘, ‘forest‘ and ‘meadow‘, which are characterized by a shallow groundwater
table depth, show a significant decrease in percolation. With about 31 % and 23 % of their total area, the last
two classes contribute particularly to this trend. However, due to their comparatively small fractional area
of only 4.4 %, the total area of Brandenburg does not show a significant decrease in percolation (see Fig 2).
In summary, in the period 1961-1998 the already negative values of percolation decrease further, especially
for areas with a shallow groundwater table. The basic reasons are a decrease in precipitation (statistically not
significant) and an increase in mean daily temperature (significant). The last decade (1991-1998), which was
characterized by many hot summers, contributes considerably to this result. It should also be mentioned that
the simulation calculations do not take into account water withdrawal from the groundwater reservoir
in the period 1961-1998. However, as compared to the climatic impacts, the anthropogenic influence
on the regional water balance is supposed to be rather small.

CLIMATE CHANGE IMPACT STUDY
Already some early studies (e.g. Nemec and Schaake, 1982; Gleick, 1986) provided first tentative evidence
that relatively small changes in regional precipitation and evapotranspiration patterns might result in large
changes in regional water availability. In principle, influences of climate change on the regional water
balance may result from both spatial and temporal precipitation shifts, temperature-driven changes of actual
evapotranspiration, and an increase in extreme meteorological events (prolongation of dry periods, droughts,
high intensity precipitation events etc.). In order to assess the impacts of climatic changes on regional
hydrological processes, quantitative estimates are needed for the major long-term climatic variables such as
temperature or precipitation. However, General Circulation Models (GCMs) are still not able to provide
valuable detailed information on regional impacts on water supply. Therefore, alternative approaches must
be used to promote the understanding of climatic vulnerabilities.

CLIMATE CHANGE SCENARIOS
Among the various types of regional climate change scenarios currently used in the scientific community,
the present study is based on physically consistent regional scenarios, which include general trends of GCM
model calculations. This method assumes that GCM results on the average are more exact for large scales
than for a defined region. Then, long-term observed time series can be prepared by statistical methods
to reflect the changes calculated by GCMs (Lahmer et al., 2001a; Werner and Gerstengarbe, 1997).
In case of a further unlimited increase of the CO2 concentration in the atmosphere, the current GCMs
calculate a global warming between 1.5 and 4.5 K by 2100. For Central Europe a temperature increase
of about 2 to 4 K can be assumed within the next 100 years. Two scenarios were applied in the present study.
These assume a temperature increase of 1.5 K (‘business as usual‘) and 3 K (extreme scenario) in the period
1996-2050, which were imposed on the observed values at 40 meteorological stations in Brandenburg
in the period 1951-1990 (actual meteorological conditions, reference scenario).

RESULTS OF THE IMPACT ANALYSES
Based on the spatial data used for the trend analyses, water balance calculations were performed for the State
of Brandenburg, both for the reference state (period 1951-1990) and the two climate change scenarios
(period 1996-2050). From the variety of results obtained for evapotranspiration, percolation, surface runoff
and basin discharge only some will be discussed hereafter. Fig 4 shows the development of the annual sums
of percolation for the reference scenario and the two climate change scenarios. Percolation is dramatically
reduced under the assumed climate change conditions. Based on linear regression curves, percolation
decreases from 161 mm in 1951 to 129 mm in 1990 (-20 %) for the reference state. For the climate change
scenarios, the reductions in the period 1996-2050 amount to 68 % and 83 %, respectively.
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Table 1 gives an overview of all meteorological input variables and derived water balance components
calculated for the three climate conditions, both on an annual and a half-annual basis. In Fig 5 the values
given in Table 1 are shown in the form of differences between the scenarios and the reference state.
On the average, annual precipitation P in the climate scenarios is only slightly reduced by 5.8 %
(1.5 K scenario) and 6.1 % (3 K scenario) as compared to the reference state. The reductions in winter are,
however, much more pronounced. Also the increase in mean daily temperature T is considerably higher
in winter. Due to the changes in P and T, potential evapotranspiration EP increases under climate change
conditions by 5.5 % (1.5 K) and 9.2 % (3 K) in summer, and by 18.8 % and 25.8 % in winter. Due to the
general water deficit, actual evapotranspiration EAT almost does not change in summer. During winter EAT
increases considerably: by 18.6 % for the 1.5 K scenario and by 25.4 % for the 3 K scenario.

Fig 4:

Annual sums of percolation calculated for the State of Brandenburg for the reference state
(period 1951-1990) and the two climate change scenarios (period 1996-2050) assuming
a temperature increase of 1.5 K and 3 K, respectively.

Table 1: Impacts of climate change on various water balance components in the State of Brandenburg,
calculated on an annual basis and for the summer and winter seasons. Besides the means for the
meteorological input variables precipitation (P) and mean daily temperature (T), the values for
potential evapotranspiration (EP), climatic water balance (WB), actual evapotranspiration (EAT),
percolation (PER), surface runoff formation (SRO) and total runoff (R) are given, both for the
reference state (1951-1990) and the 1.5 K- and 3 K-climate change scenarios (1996-2050)
(all values in mm/y, T in °C/day).
P
T
EP WB EAT PER SRO R
Reference state
Mean annual sums 614.8 8.71 629.6 -14.9 515.6 88.3 11.7 107.5
Mean summer sums 348.1 14.87 522.7 -174.5 410.6 -19.8 5.5 42.8
Mean winter sums 266.6 2.56 107.0 159.7 105.0 108.1 6.2 64.7
1.5K scenario
Mean annual sums 579.1 9.85 678.3 -99.2 533.1 37.9 9.5 60.4
Mean summer sums 342.9 16.03 551.2 -208.3 408.5 -27.8 5.1 26.3
Mean winter sums 236.2 3.67 127.1 109.1 124.5 65.7 4.4 34.1
3K scenario
Mean annual sums 577.5 10.60 705.2 -127.7 537.8 31.9 9.0 54.1
Mean summer sums 343.1 16.79 570.7 -227.5 406.1 -29.5 4.8 23.7
Mean winter sums 234.4 4.42 134.5 99.9 131.7 61.4 4.2 30.4
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Percolation PER is drastically influenced by climate change. The reductions are considerably high in winter,
where PER drops by about 40 % both for the 1.5 K and the 3 K scenarios. The mean annual total runoff R
drops from about 108 mm for the reference scenario to 60 mm and 54 mm in the case of the two climate
change scenarios. Again, the reductions are lower in summer (39 % and 19 %, respectively) than in winter
(47 % and 53 %). Since the water balance components PER and R are dramatically reduced by the assumed
climate changes particularly in the winter season, the already existing water deficit in summer would
intensify in Brandenburg under changed climate conditions. The main reasons are the considerable increases
in mean daily temperature and evapotranspiration in the winter period.
In addition to time series analyses, the spatial distributions of water balance components were calculated
as well. Maps of mean annual sums of percolation for the climate change scenarios show a considerable
decrease under climate change conditions as compared to the reference state. The reductions are especially
high for open water bodies and areas with a shallow groundwater table (up to about 100 mm). For the total
area, the decrease amounts to -57 % (1.5 K scenario) and -64 % (3 K scenario). Almost the whole area
is affected by this negative change, which results both from the reduction of precipitation and the increase
in mean daily temperature.

Fig 5:

Differences in various water balance components (mean annual as well as summer and winter
sums) between the 1.5 K and 3 K climate change scenario (1996-2050) and the reference state
(1951-1990) calculated in the State of Brandenburg. Variable names and remarks as in Table 1.

SUMMARY AND CONCLUSIONS
The high resolution GIS-based modelling approach based on the modelling system ArcEGMO has turned out
to be an effective way to study trends in various water balance components as well as impacts of climate
change on the regional hydrological cycle. The trend analyses in the State of Brandenburg indicate
considerable changes in water balance components already under the current climate. Areas with a shallow
groundwater table show a significant decrease in percolation in the period 1961-1998. The main reason
for this decrease is the increasing mean daily temperature in that period. Based on observed meteorological
conditions (period 1951-1990), the regional hydrological consequences of climatic changes (period 19962050) were demonstrated. The climate change impact study shows that some of the water balance
components in Brandenburg will undergo considerable changes. Due to their high evaporation potential,
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open water bodies and areas characterized by a shallow groundwater table (lowlands, wetlands, riparian
areas) are the most sensitive areas. The percentage of such areas is rather high in Brandenburg, which suffers
from water deficit already under current climate conditions. Since the 1.5 K climate change scenario used
in the present study can be characterized as relatively ‘conservative’, the calculated impacts on the regional
water balance might be even more severe. The dramatic changes in various water balance components
under climate change conditions indicate possible water availability problems in the future. Therefore,
the study clearly emphasizes a strong need to understand and appropriately simulate the hydrological regime
of water deficient regions.
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ABSTRACT
The impact of the North Atlantic Oscillation on the discharge of some Polish Carpathian rivers was investigated
over the period 1951-2000. Pearson’s linear correlation analysis was used. Some synchronic and asynchronic
relations between the NAO index and river discharges were observed. During a positive NAO phase, the annual
river discharge is low. NAO conditions during winter influence spring and summer river flow. The analysis was
based on particular circulation phases, distinguished on the basis of Hurrell’s NAO irregularity index. The
annual NAO index explains about 41% of the summer river discharge variability and 30% of the variability of
annual river discharge during the period 1951-1970. The annual NAO index also explains several percent of the
variability of annual discharges of the Vistula and Dunajec rivers during the period 1971-1995. Accordingly,
there is a possibility to use the NAO index as a predictor in hydrological modelling.

Keywords North Atlantic Oscillation, river discharge, Carpathian Mts.
INTRODUCTION
A river flow regime reflects the meteorological and physiographic conditions over a basin. Regional
climate is generated by the simultaneous action of atmospheric circulation at local, regional and
global scales. The North Atlantic Oscillation (NAO) is one of the most important regional systems
affecting the climate in North America, Europe and some other regions (Bonsal et al., 2001; Hurrell
and Van Loon, 1997; Shabbar et al., 1997). The meteorological conditions in Poland are influenced
by NAO too, in particular during the winter season (Marsz and Styszyńska, 2001; Wibig, 2000).
This creates a possibility of an indirect influence of NAO on river runoff. However, the connections
between NAO and river runoff in Poland have not been given enough attention. Some interactions
were introduced by Stahl and Demuth (2001) and Styszyńska (2002).
The impact of the North Atlantic Oscillation was analysed for the following rivers in this paper
(Fig 1):
- Skawa River - 835 km2,
- Dunajec River - 4 341 km2,
- Wisła River - 31 846 km2.
Data on river discharges were available for the period 1951-2000. Data sets of long-term monthly
mean, seasonal, minimum and maximum values of river discharge were taken into consideration,
as well as Hurrell’s NAO index and Rogers’s NAO index for the winter period (www.cgd.ucar.edu/
∼jhurrell/nao.html ). A linear correlation analysis was used.
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Fig 1:

Location of the investigated area.

Table 1: Correlation coefficients between the maximum and minimum discharges and the annual
NAO index (Rr) and the winter NAO index (Rz) (bold – p < 0,01).

Basin
Skawa – Wadowice
Dunajec – Nowy Sącz
Wisła – Sandomierz

Discharge
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum

Rr
-0,39
0,05
-0,43
-0,16
-0,34
0,16

Rz
-0,11
0,05
-0,43
-0,16
-0,22
0,29

RESULTS AND DISCUSSION
On the basis of the analysis of the Roger and Hurrell NAO indexes and the Carpathian river
discharge, some relationships were identified. Generally, correlation coefficients were very low and
were not statistically significant in many cases. However, significant correlations were obtained
for maximum discharge values: there is a relationship between the winter and annual NAO indices
and maximum discharge of Dunajec, and between the annual NAO index and the maximum
discharge of Skawa (Table 1).
The correlation between the winter NAO index and mean monthly winter discharge is significant
only in the case of Dunajec in January (R = 0,38, p < 0,01). Lower correlations are observed
226

between the winter NAO index and the discharge of all rivers in August, and Wisła in September
(Table 2). There is quite a strong correlation between the annual NAO index and the mean monthly
discharge of Wisła in August (–0.39; p < 0,05) (Table 3).
A correlation analysis between the mean monthly NAO index and the mean monthly discharge has
also been conducted. There are some remarkable correlations between:
- the December NAO index and the discharge of Skawa in May and September
respectively (R = - 0,37, R = -0,36; p < 0,05),
- the December NAO index and the discharge of Dunajec in May and September
(respectively R = -0,32, R = -0,34; p < 0,05),
- the January NAO index and the discharge of Dunajec in January (R = 0,43; p < 0,01),
- the December NAO index and the discharge of Wisła in September (R = -0,36; p <
0,05),
- the January NAO index and the discharges of Wisła in August (R = 0,31; p < 0,05),
- the March NAO index and the discharges of Wisła in April (R = -0,36; p < 0,05).
Table 2: Correlation coefficients between mean monthly discharges and the winter NAO index
(bold – p < 0,01).
Basin
Skawa – Wadowice
Dunajec – Nowy Sącz
Wisła – Sandomierz

XI

XII

I

-0.03
0.05
0.04

0.18
0.19
0.17

0.22
0.38
0.21

II

III

IV

V

VI

VII VIII

IX

X

0.02 0.01 -0.16 -0.21 -0.09 -0.11 -0.26 -0.19 -0.05
0.13 0.21 -0.15 0.13 -0.01 -0.06 -0.25 -0.10 0.05
0.04 -0.12 -0.20 -0.13 -0.14 -0.12 -0.25 -0.24 -0.05

According to the analysis above, the relationships between mean monthly values have not been
strong, contrary to expectations. Therefore, three-month mean values were analysed. The
correlation between the XI-XII-I NAO index and discharges of all rivers in the spring (III-IV-V),
and discharge of Skawa and Wisła in summer and autumn, and discharge of Dunajec in winter
months, are significant. This delay may be caused by the snow-cover ablation processes during
spring. There are also synchronic relationships in autumn and winter months in Skawa and Dunajec
(Fig 2). However, a good correlation does not guarantee a physical cause and effect.
Table 3: Correlation coefficients between mean monthly discharges and the annual NAO index
(bold – p < 0,01).
Basin
Skawa – Wadowice
Dunajec – Nowy Sącz
Wisła – Sandomierz

XI XII
I
II
III
IV
V
VI VII VIII
IX
X
0.17 0.25 0.13 -0.22 -0.03 -0.28 -0.30 -0.18 -0.20 -0.34 -0.20 -0.09
0.13 0.25 0.31 -0.06 0.11 -0.26 -0.05 -0.14 -0.23 -0.34 -0.19 -0.05
0.17 0.28 0.23 -0.12 -0.09 -0.30 -0.17 -0.17 -0.25 -0.39 -0.31 -0.14

The NAO conditions over the period 1951-2000 were very variable, and therefore a few aircirculation phases were distinguished (Marsz and Styszyńska, 2001). One of them, the phase E-II,
began in 1930 and lasted until 1970, while phase E-III began in 1971 and finished in 1995.
Remarkable correlations over particular periods were found: there is a significant correlation
between the annual mean NAO index and the annual and summer-half-year discharge of Skawa
in phase E-II (respectively: R = - 0,55, p < 0,05; R = -0,64, p < 0,01) (Table 4). There are also
some significant correlations in phase E-III , i.e. correlations between the annual NAO index and
the annual discharge of Wisła and Dunajec (respectively: R = -0,40, R = -0,49; p < 0,05) (Table 4).
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CONCLUSIONS
The present analysis of Hurrell’s and Roger’s North Atlantic Oscillation indices and Carpathian
river discharges demonstrates very interesting large-scale connections: the positive NAO phases
in winter are associated with low discharges in summer and at the beginning of autumn. The mean
monthly NAO indices in winter are influencing river discharges during winter, spring and autumn:
December and January NAO affect river discharge in January, August and September.
It is interesting that Styszyńska (2002) stated similar relationships between NAO and the Warta
River (western Poland) discharge. She also found a link between the winter NAO index and
precipitation during late summer: the winter NAO index explains about 30% of precipitation
variability in August of the following year (Styszyńska, 2001).
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Fig 2:

correlation coefficient

Correlation between three-month mean values of NAO and discharges of Skawa (A), Dunajec (B)
and Wisła (C) (month in the figure corresponds to the centre of the three-month period).
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Table 4: Correlation coefficients between the annual NAO index (Rr) and the winter NAO index (Rz)
and discharges of Skawa, Dunajec and Wisła (bold – p < 0,01) in two phases.

Mean
discharge
Annual

River

Skawa
Dunajec
Wisła
Summer months Skawa
Dunajec
Wisła
Winter months Skawa
Dunajec
Wisła

Phase E-II (1951-1970) Phase E-III (1971-1995)
Rr
Rz
Rr
Rz
-0,55
-0,32
-0,38
-0,33
-0,32
-0,18
-0,06
-0,40
-0,39
-0,24
-0,38
-0,49
-0,33
-0,26
-0,23
-0,64
-0,40
-0,25
-0,26
0,06
-0,50
-0,33
-0,34
-0,20
-0,26
-0,20
-0,29
-0,25
0,03
0,05
-0,28
-0,02
0,05
0,08
-0,30
-0,35

This delay in runoff/precipitation is related to the activity of two systems: ocean and atmosphere.
The ocean system is controlled by the atmospheric system, and inversely. Variations of the sea
surface temperature cause changes in the redistribution of heat and substantially control the weather
conditions. There is a correlation between the winter NAO index and the sea surface temperature
in March-May and August-September of the following year. According to Marsz (2002),
the behaviour of NAO is responsible for the activity of ocean currents. A strong positive NAO
phase in winter influences the activity of the Gulf Stream: discharges of this ocean current increase
and the water temperature is higher than usual from January to July. It causes the advectional
transport of heat from low to moderate latitudes. After a positive phase of NAO, the sea surface
temperatures of the North Atlantic Current, the Labrador Current and the Norway Current change.
So, air circulation in summer in Europe is linked to the anomaly of the sea surface temperature
over the North Atlantic during the previous two winters. The anomaly of the sea surface
temperature in grids 34°N-40°W and 54°N-30°W explains about 50% of the variability of the
incoming winter NAO index. It has also been stated, that the higher Sargasso Sea surface
temperature in recent decades is responsible for the increase in the frequency and intensity of a
positive winter NAO index after 1971.
The most remarkable relationships were obtained in the analysis performed for the atmospheric
circulation phases: the mean annual NAO index explains 41% of the variability of the mean river
discharge in summer and 30% of the variability of the mean annual river discharge in period II.
NAO played a smaller role during period III. The connection between atmospheric circulation
over the North Atlantic and river discharges in particular periods may vary according
to meteorological conditions.
It may be stated that NAO plays an important role as an indirect factor influencing river discharge,
as well as it might offer the possibility of improving runoff forecasts of some Polish rivers.
The study of large-scale connections between atmospheric circulation and hydrology is also
important for a better understanding and explanation of river discharge variability. More research
focused on the precipitation phenomena during positive and negative phases of NAO that influence
river runoff response is however required.
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ABSTRACT
This project focuses on testing and developing a distributed hydrologic model for the Pacific Northwest region
of the United States, which can be used to simulate the hydrology of small watersheds with minimal calibration
and publicly available data. A modified version of the Soil Moisture Routing model is applied to and tested on
a small research watershed (~2 ha) with site-specific data. The model also is applied to a management scale
watershed (~100 km2) using publicly available data. The model simulates perched water fluctuations with
reasonable accuracy at the research watershed and the hydrograph is well represented at three different
management scales for the non-drought year. Over-prediction of stream hydrographs during the drought year
indicates a more detailed forest evapotranspiration algorithm may be necessary. The release of snowmelt water
from an existing snow pack contributed to errors in the timing of the hydrograph from the research scale
watershed.

Keywords GIS, distributed modelling, hillslope hydrology, fragipan
INTRODUCTION
Throughout the Pacific Northwest region of the United States awareness has increased of the impact of point
and non-point source pollution on stream and lake water quality. In Idaho, over 900 streams have been listed
on the 303(d) list for exceeding the total maximum daily loads (TMDL) as defined by the Clean Water Act
(USEPA, 1992) for a number of pollutants, including suspended sediment, phosphorous and water
temperature. To decrease pollutant loading to acceptable levels in a limited amount of time, watershed
managers must rely on general observations or computer modelling to assist in decision making. This project
focuses on developing and testing a distributed hydrologic model to simulate the hydrology of small
watersheds with minimal calibration and publicly available data. This model can then be used to identify
regions within a watershed having a high risk of runoff or pollutant transport to assist the watershed manager
in directing watershed restoration efforts. The primary objectives are:
1.) Evaluate a GIS-based distributed hydrologic model on a small (~2 ha) research scale watershed
using publicly available data and detailed spatial measurements of soil hydraulic properties
without calibration;
2.) Apply the same model to a management scale (~100 km2) watershed without calibration using
publicly available input data and the grid scale hydraulic properties from the research scale
watershed.

SOIL MOISTURE ROUTING MODEL
The variable source area hydrology model used in this project is a modified version of the Soil Moisture
Routing (SMR) model (Frankenberger et al., 1999; Boll et al., 1998) developed originally at Cornell
University. The SMR model allows for distributed prediction of surface runoff and soil moisture, integrated
prediction of streamflow, needing minimal calibration, and also a limited amount of publicly available input
data. The model is written as a set of batch programs that can be implemented into most grid based GIS
programs. The model tracks the flow into and out of grid cells using a basic mass balance (Eq. (1)) assuming
step by step quasi-steady state conditions.
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dθ i
(1)
= P(t)i − ET(t) i + ∑ Q in.i − ∑ Qout.i − L i − R i
dt
where i is the cell address, θi is the volumetric moisture content of the cell, Di is the depth to a hydraulically
restricting layer (m), P is the effective precipitation (rain + snowmelt, m), ETi is the actual
evapotranspiration (m), ΣQin.i is the lateral inflow from surrounding upslope cells (m), ΣQout.i is the lateral
outflow to surrounding downslope cells (m), Li is the leakage out of the surface soil layer to bedrock (m),
RI is the surface runoff (m), and t is time (hr).
Di

Snow accumulation and snowmelt is determined using a threshold air temperature and a snowmelt degreeday equation (U.S. Army Corps of Engineers, 1960), respectively. For watersheds having significant
elevation differences, air temperature and precipitation are distributed linearly by elevation using any
available weather data. It is assumed that all rain and snowmelt infiltrates during the modelling time step
unless the soil is or becomes saturated. Actual evapotranspiration is determined using the relationship
developed by Thornthwaite and Mather (1955). Evapotranspiration occurs at the potential rate when the
matrix potential is below -1/3 bar. No evapotranspiration takes place when moisture content is below wilting
point, and a linear relationship is assumed between wilting point and 1/3 bar moisture contents.
The primary modifications to the SMR model from that presented by Frankenberger et al. (1999) include
an exponential decrease in the saturated hydraulic conductivity (Ks) and the ability to predict the exact
location of the water table by including a capillary fringe above the water table. The location of a perched
water table is determined based on an assumed or measured drainable porosity relationship. The total
saturated amount of water within a soil column is related to a linear relationship between the saturated
volumetric moisture content and depth above a restricting layer. The total amount of water held in the soil
column when a perched layer is present (S) is described by the following equation:

S=

a 2
f
2
D + bD − (D − h )
2
2

(2)

where a is the change in saturated moisture content with depth (m-1), b is the saturated volumetric moisture
content at the restricting layer, f is the change in moisture content with depth above the water table (m-1) and
h is the water table depth (m). The depth of the water table is determined by solving Eq. (2) for h. Knowing
the perched layer depth, the total lateral flow is determined by Darcy’s law assuming the hydraulic gradient
is equal to the land slope. The transmissivity is determined by integrating the Ks relationship with depth from
the fragipan to the perched water depth. The total subsurface lateral flow is routed from a given cell to one or
more neighbouring, downslope cells based on a slope weighted average (Quinn et al., 1991). Vertical
percolation through the restricting layer occurs only when a perched layer is present and is calculated
assuming a unit gradient and the Ks of the restricting layer. Surface runoff occurs when input to the cell
exceeds the saturated storage amount of the cell.

SITE DESCRIPTION
Troy, ID Catchment
The SMR model was first applied and tested in a small, intensively instrumented 1.7 ha catchment planted
in perennial grasses having a single soil type with a shallow restrictive soil layer. The soil is classified in the
Santa series, which consists of moderately well-drained soils with a moderately deep profile extending to
a fragipan at an average depth of 73 cm. Soil hydraulic measurements indicate the fragipan layer is nearly
impermeable. Within the catchment 99 shallows wells, installed on a 10 m x 15 m grid, are read every 12 hrs
(Fig 1). At each well location, soil horizons have been characterized. A weather station at the site records
solar radiation, wind speed, relative humidity, precipitation, and air temperature every hour. A flume at the
outlet of the catchment records changes in flow every 15 min. Analysis of lateral flow draining from
an isolated hillslope plot indicates that the Ks decreases exponentially from approximately 20 m/day at the
soil surface to 0.2 m/day at the fragipan. The saturated moisture content of the soil decreases from
approximately 0.50 cm3/cm3 at the soil surface to 0.35 cm3/cm3 at the fragipan. Analysis of the soil moisture
data show that the volumetric moisture content at a point decreases linearly at the rate of 0.14% per cm
above the water table. This linear water retention function was assumed to be applicable to the shallow soils
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at the site and was necessary to account for the capillary effects on moisture content near a water table.
These site-specific soil hydraulic properties were incorporated into the model to predict perched water table
thickness and surface runoff through the flume.

Fig 1:

The DEM (metres) for the Troy ID with locations and location numbers of shallow wells.

Paradise Creek Watershed
The Paradise creek watershed, which includes the city of Moscow, Idaho, represents a typical management
scale watershed in northern Idaho. Annual total precipitation increases with elevation from approximately
600 mm at the lowest elevation to 1000 mm at the highest elevation. The watershed is split into three distinct
land types (16% forested, 18% urban, 66% agricultural land) (Fig 2). Stream monitoring stations define three
nested watersheds referred to as the Forest, Ag, and Urban watersheds. Both a low elevation and high
elevation weather station were available to distribute precipitation and temperature. The SSURGO soil
database, available digitally for most agriculturally dominated regions of the U.S.A., was used for the soil
hydraulic properties. Data from the Troy ID catchment showed that the Ks of the A-horizon is ~10 times
larger than the maximum Ks of the A-horizon listed on the database. The exponential decrease of the Ks was
found directly using the Ks of the A-horizon and the minimum Ks of the bottom horizon. The vertical Ks was
taken to be 10 times smaller than the minimum Ks in the SSURGO database.

Fig 2:

The DEM (metres) and landuse maps for the Paradise creek watershed.
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RESULTS
The Nash-Sutcliffe (NS) efficiency (Nash and Sutcliffe, 1970) was used to assess the performance of the
SMR model. A NS value of 1 indicates a perfect fit; a NS value of 0 or less indicates the model is no better
than using the average observed value for the entire period of record. Separate NS efficiencies were
calculated within the entire period of record focusing only on periods of time having flow. The NS values
for the entire simulation are larger since there are significant periods of time having no flow. Simulation
results are shown in Figs 3, 4, and 5, and discussed below.
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upslope and toe slope positions, respectively.
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Measured and predicted streamflow leaving the Forest, Ag, and Urban watersheds.

Troy ID catchment
The SMR model was applied to Troy research catchment for the hydrological years 2000, 2001, and 2002.
As seen from Figs 3 and 4, the model was able to reflect the perching and subsequent surface runoff trends
at the watershed outlet. Timing of runoff peaks was in error due to standing water in the snow pack in the flat
lowland areas just above the flume, a process not simulated in the SMR model. The water perching within
the snowpack can be observed in the shallow well measurements at the toe slope location (0,3) where the
water table readings indicate a water level above the soil surface (see Fig 4). The discrepancy of timing
of runoff peaks leads to a negative NS value for the 2002 spring thaw.
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For management purposes, the response at individual cell locations (i.e., the distributed response) is more
valuable since this response can be used to assess critical source areas in the watershed (Frankenberger et al.,
1999). Observed and predicted water table levels were compared at two shallow well locations 8,10 and 0,3
(see Fig 4). Horizontal lines in Fig 4 represent the interfaces between soil horizons. For the entire three-year
period, the model agreed well with measurements made at these shallow wells (NS = 0.72 and 0.74,
respectively). For the periods when perched water was present, the prediction of perched water tables
at a shallow well (8,10) located near the top of the catchment was reasonable with NS values between 0.43
and 0.64. Simulated water fluctuations at the toe slope position (0,3) had lower NS efficiencies during the
perched water periods in 2000 and 2002, but still the overall position of the water table within a given soil
horizon was well represented by the model.

Paradise creek watershed
The SMR model was applied to the Paradise creek watershed for the hydrological years 2001 and 2002
(Fig 5). The average annual flow recorded for hydrological year 2001 (Oct 1, 2000 – Sept 30, 2001) was one
of the lowest recorded over the last 22 years. Streamflow was over-predicted by the SMR model for the
hydrological year 2001 with the greatest error occurring within the forested watershed. This possibly
indicates that the simple evapotranspiration algorithm in SMR cannot fully account for water uptake by trees
especially during a drought year, or that interception losses which were not accounted for in the model, were
more significant during the drier year. Flows during the hydrological year 2002 represent a more typical
average annual flow pattern. Model performance during the 2002 water year for all watersheds was very
good with NS values of 0.52, 0.57 and 0.74 for the Forest, Ag, and Urban watersheds, respectively. In each
case, the timing of event peak flows was very good. The magnitude of these peak flows, however, was overand under-predicted at different times during the year.

CONCLUSION AND DISCUSSION
The SMR model agrees reasonably well with both distributed seasonal perched water levels within
a catchment and the integrated streamflow response leaving a watershed. Improvements to the model can be
made by simulating the ponding and release of runoff from an existing snowpack, and forest canopy effects
during drought years. The mapping capabilities of the GIS model allow for site-specific prediction of runoff
which could prove to be a valuable management tool for watershed restoration within the Pacific Northwest.
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ABSTRACT
Areas of the Last Glaciation in northern Poland differ widely as to the conditions controlling the formation
of river runoff and solute loads. The aim of the research was to identify chief mechanisms of stream alimentation
in this area depending on the scale of a catchment. The analysis was based on data from hydrochemical profiling.
Three types of systems were found to occur: in spring-head catchments with areas of the order of 10-2 km2,
in small catchments (100 km2), and in medium-sized ones (101-102 km2). The first is connected with the mixing
of soil- and groundwater; the second with the mixing of waters from relatively homogeneous subcatchments; and
the third with the mixing of groundwater from various water-bearing horizons. In headwater catchments, river
waters reach a new physico-chemical equilibrium at a distance of 20-40 m; in small catchments, two nested
autocorrelation structures (150 and 400 m) reflect the sequence of land cover changes and distances between
main tributaries; in medium-sized catchments, river waters demonstrate similarity at a distance of between 300
and 450 m which is controlled by the sequence of successive valley reaches of different origins (melt-out basins
& ravines).The reported analysis justifies the hypothesis that in the areas of northern Poland covered by the Last
Glaciation it is possible to identify zones and forms of channel alimentation on the basis of hydrochemical
interpretation of runoff recorded in gauging profiles only in the case of small catchments no larger than
n × 100 km2. In larger catchments, it is only possible to differentiate between ‘new water’ (direct precipitation
on the channel and overland flow) and ‘old water’, composed of a mixture of soil water and the alimentation
from various water-bearing horizons.

Keywords stream alimentation, catchment scale, hydrochemical profiling, semivariograms, NW
Poland

INTRODUCTION AND STUDY AREA DESCRIPTION
Since 1985, interdisciplinary research has been carried out in the upper Parsęta catchment (NW Poland,
Fig 1) concerning the processes of energy and matter fluxes in areas with postglacial relief and varying
land-use patterns (Kostrzewski et al., 1994). An element of the research has been the monitoring
of hydrological and geomorphological processes in catchments of various sizes, starting with first-order
ones, covering 10-2 km2 (Michalska, 2001; Stach, 1993), and ending with a fifth-order one, covering 102 km2
(Kostrzewski et al., 1994; Mazurek, 1999, 2000). The operation of even the smallest catchment in this area is
very complex, owing to a poor organisation of the drainage system, a complicated geological structure of the
Quaternary, diversified lithology, and a mosaic of land uses, including numerous water bodies and peat bogs
(Table 1). The characteristic features of the hydrology of this northern part of the Polish Lowland are a high
proportion of areas with no surface outlet, a large retaining capacity of catchments and hence big
hydrological inertia of streams, and the dominance of seasonal over short-term variability connected
with rainfall or snowmelt episodes. The spatial and temporal variations in the conditions controlling
the channel flow are reflected in a high variation, primarily spatial, of the unit flow modulus, and in the
physico-chemical properties of waters (Table 1). In small, even adjacent catchments, water mineralisation
levels and solute loads can differ by more than one order of magnitude. That is why a hydrological
interpretation of the channel flow in water-gauging profiles on those streams (in terms of the identification
of sources and ways of feeding) is impossible without spatial studies and analyses. Apart from traditional
hydrological mapping, a wealth of valuable data have been derived from hydrochemical profiling of the
streams.
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The aim of the present work is to elucidate the mechanisms of the channel flow formation in catchments
of various sizes in areas with postglacial relief on the Polish Plain. For this purpose use was made,
among other things, of a geostatistical analysis (Goovaerts, 1997; Gringarten and Deutsch, 2001) of data
from the hydrochemical profiling.

METHODOLOGY
The studies were conducted in four subcatchments as well as in the entire catchment of the upper Parsęta
(Table 1). The catchment areas varied from 0.05 km2 to 74.0 km2, the length of streams from 0.16 km to
13.26 km, and sampling intervals from 2 m to 100 m. The basic range of in situ measurements included
the temperature, reaction, and specific electrical conductivity of water. Additionally, samples were taken
in order to determine the basic ionic macrocomposition. Mapping was carried out in periods of steady runoff
lasting a maximum of one day. The periods chosen corresponded to high water resources in the catchments,
with all other forms of channel feeding besides non-saturation (Hortonian) overland flow present.
The classical analysis of semivariance is intended for the study of series of stationary data, i.e., ones in which
the deviation from the mean is random in nature (Goovaerts, 1997; Gringarten and Deutsch, 2001).
The analysed measurement series are non-stationary and there is often a strong tendency for water coming
from upstream to “mask” changes occurring at a given point. In most cases, the actual spatial structure of the
analysed data can be discerned after the elimination of the tendency or the local average (Table 2).
The nugget variance of semivariance models (Table 2) is in most cases close to the measurement error.
This means that the variability of the parameters measured at a distance shorter than the sampling interval
was negligibly small.

ud
K³
Parsêta

a

M³yñski
Potok

d

e

c

Chwalimski
Potok

a

b

ud
K³

a

Radomyski
Potok

a
êt
rs
Pa
0 km

Fig 1:

2 km

4 km

The location and hydrological system of the upper Parsęta catchment. a - watershed of the upper
Parsęta catchment and its subcatchments, b - hydrographic network, c - Kłuda catchment,
d - Młyński Potok catchment, e - first-order catchments (of Chwalimski Potok and Radomyski
Potok).

RESULTS
Each investigated stream turned out to have its own, unique features. However, there were noticeable
differences at three spatial catchment scales.
In spring-head catchments covering 0.05-0.10 km2 and stream lengths of 0.16-0.23 km, variations in the
measured physico-chemical properties of waters were relatively big, but nonetheless gradual (Fig 2C).
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The range of autocorrelation roughly equalled 20 m (Fig 3C, Table 2). The basic processes responsible
for this pattern were:
 the gradual attaining of a physico-chemical equilibrium by water reaching the ground surface under
current conditions of temperature and atmospheric pressure; mainly the establishment of a new
carbonate equilibrium and a new pH of water.
 the mixing of soil- and groundwater differing significantly in total mineralisation levels and ionic
composition.
Table 1: Characteristics of analysed rivers and their catchments
(morphometric indices after Zăvoianu 1985).
Parameter / river /
reference
Catchment area [km2]
River length [km]

the upper
Parsęta

Kłuda

(Mazurek
(Kostrzewski et
1999, 2000)
al. 1994)

Młyński
Potok

Radomyski
Potok (Stach

Chwalimski
Potok

1993)

(Michalska
2001)

74.00

10.69

3.94

0.109

0.051

13.26

6.99

2.46

0.157

0.231

0.0041

0.0063

0.0139

0.0422

0.0156

119.5

96.2

79.1

26.0

10.36

137.5 - 83.4

132.0 - 88.7

117.5-83.4

116.6-110.0

114.3-110.7

0.008

0.017

0.025

0.060

0.035

2.24

2.97

2.35

2.12

5.71

Mean annual discharge

610.01)

94.92)

20.73)

1.334)

1.475)

Mean annual unit runoff

8.21)

8.92)

5.33)

12.204)

28.825) 6)

Surface lithology 7)

85%S, 13%P, 88%S, 7%P,
2% O
5%O

93%S, 3%P,
6%O

93%S, 5%P,
2%O

River slope [-]
Basin height
Hmax-Hmin [m]

Index of catchment relief
Hsource – Houtlet [m]
Basin slope [-]

Drainage density
[km km-2]
[dm3 s-1]

[dm3s-1 km-2]

43%A,
34%F,
15%M/P,
8%O
388.1 µS,
7.85 pH,
10.53 mg dm3
SiO2,

37%A,
41%F,
18%M/P, 4%
O
409.5 µS,
7.90 pH,
12.30 mg dm3
SiO2,

91.9%S,
5,4%P,
2,8%O
9)
40%A,
35%F,
23%M/P,
2%O
353,3 µS,
7,10 pH,
9,61 mg dm-3
SiO2,

A: 2.86 >
0.83 > 0.38
C: 3.54 > 0.44
> 0.25 > 0.06

A: 3.14 >
0.74 > 0.33
C: 3.41 > 0.43
> 0.34 > 0.05

A: 2.75 >
0.78 > 0.35
C: 3.23 > 0.34
> 0.28 > 0.05

9)

Landuse

8)

Water chemistry at the
outlet
(anions and cations
concentrations are in
meq dm-3)
Anions: HCO3 > SO4 > Cl
Cations: Ca > Mg > Na > K

9)

1)

94%A, 3%F,
3%M/P, 0%
O

14%A, 0%F,
26%M/P,
60%O

362,4 µS,
7.46 pH,
12,60 mg dm3
SiO2,

382,0 µS,
7,94 pH,
8.89 mg dm-3
SiO2,

A: 2.74 >
0.40 > 0.29
C: 2.90 > 0.42
> 0.29 > 0.04

A: 2.51 >
0.96 > 0.29
C: 3.36 > 0.34
> 0.28 > 0.09

– gauge of the Institute of Meteorology and Water Management at Storkowo, hydrological years 1985-2000
– hydrological years 1990-1993
3)
– hydrological years 1994-2001
4)
– mean of 105 irregular measurements taken in the hydrological years 1987-1991
5)
– weekly measurements in the hydrological years 1992-1995
6)
– extraordinary high value because of big difference between surface and subsurface catchment,
7)
– S - sands (loamy and loose sands), P - sediments of organic origin, mostly peat, O - other
8)
– A - arable land, F - woodland, M/P - meadows/pastures, O - other.
9)
– Data from early 1990s; there have been rapid changes in land-use pattern: drop in proportion of arable land
and increase in area of wasteland and woodland.
2)
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Also visible were more subtle elements of the spatial structure, like the cyclicity of semivariance after it had
reached the level of structural semivariance (Fig 3C) and a similar cyclicity of cross-correlograms.
The length of the cycle is roughly twice as large as the autocorrelation range, which is indicative
of the presence (corroborated by the results of other studies, cf. Stach, 1993) of at least two zones of
groundwater feeding into the analysed stream section, and hence, of two zones of establishment
of a physico-chemical equilibrium and the mixing of waters.
In a third-order catchment of 3.94 km2 and a stream length of 2.46 km (Klimczak, 1993), sampling was
carried out every 20 m. Sudden changes were recorded in the parameters downstream of the tributaries,
while they were negligibly small between them (Fig 2B). Hence, in this case the crucial factor is the spatial
variability of the feeding sources. The tributary catchments are relatively homogeneous in terms
of lithology/soils and land-use patterns, and at this spatial scale they differ significantly. Because the
discharge in the tributaries is comparable with the amount of water flowing in the principal stream, changes
in the physico-chemical parameters of water are stepwise. To some extent, the storm/melting runoff-related
and seasonal changes in solute concentrations recorded in a gauging profile can be interpreted in terms
of changes in the relative contributions of water flowing from the individual subcatchments. The analysis
of semivariance, after the mean ‘tributary effect’ has been eliminated, indicates the presence of two ranges
of data autocorrelation: 0.15 km and 0.40 km (Fig 3B, Table 2), which reflects the sequence of land cover
changes and distances between the main tributaries.
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Fig 2:

Profiles of variations in the electrical conductivity of water in the channels of the upper Parsęta
(line A), Młyński Potok (line B), and Radomyski Potok (line C).

In two larger catchments with respective areas of 10.7 km2 and 74.0 km2, and principal stream lengths
of 7.0 km and 13.3 km, sampling was carried out every 100 m (Kostrzewski et al., 1994; Mazurek, 2000).
Two types of structures can be observed here. Relatively small changes in the channel of the principal stream
downstream of the biggest tributaries overlap with trends embracing longer channel sections characterised
by different gradients, and sometimes also directions of change (Fig 2A). Of basic importance in this case is
a belt pattern of the main geomorphological-lithological zones forming distinct hypsometric levels within the
catchments of the two streams. On cutting through them, the streams are fed from several levels
of groundwater with different circulation times, and hence also mineralisation and ionic composition.
However, owing to the abundance of readily soluble carbonates in various types of glacial and fluvioglacial
deposits, the proportions of chief solution components are similar. The best hydrochemical indicator
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differentiating groundwater with respect to the circulation time has been found to be ionised silica. In these
catchments, therefore, the crucial factor controlling the runoff is the ‘vertical’ variability of feeding sources,
i.e. groundwater levels at a variety of depths and with a variety of alimentation areas. Also in those streams,
after the trend has been eliminated, one can observe an autocorrelation of measurement results at a distance
of 300-450 m (Fig 3A, Table 2). It is controlled by the sequence of successive valley reaches of different
origins (melt-out basins & ravines).
1.6

Standardised semivariogram - γ

B
1.2

C
A

0.8

0.4

0
0
0
0

Fig 3:

400

800

200
20

A 1600

1200
400

40
Distance [m]

600
60

B
C

80

Standardised semivariograms of the electrical conductance of water in long profiles
from the catchments of the Kłuda (line A), Młyński Potok (line B), and Radomyski
Potok (line C).

A significant role in controlling the flow of dissolved salts between the catchment area and the stream
channel is played by the valley zone, which is filled with mineral-organic sediments (with a large proportion
of silt, calcareous gyttja, lacustrine chalk and peat). A comparison of the chemical composition of river water
and groundwater examined on the morainic plateau shows that the alimentation of the stream channel occurs
through the shallow groundwater of the valley zone. The properties of this shallow groundwater result
from the mixing of waters flowing from the catchment to the valley floors. The chemical composition
of the inflowing water also undergoes a transformation under the influence of calcium carbonate contained
in the mineral-organic sediments characteristic especially of melt-out basin sections of the valleys.

CONCLUSIONS
The reported analysis confirms the hypothesis that in the areas of northern Poland covered by the Last
Glaciation it is possible to identify zones and forms of channel alimentation on the basis of hydrochemical
interpretation of runoff recorded in gauging profiles only in the case of small catchments no larger than
n × 100 km2. In larger catchments, it is only possible to differentiate between “new water” (direct
precipitation on the channel and overland flow) and “old water”, composed of a mixture of soil water and the
alimentation from various water-bearing horizons. The hypothesis is being verified by studying a bigger
catchment sample in diversified hydrological conditions. An examination of the stable isotope content
of the water might shed new light on this issue.
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Table 2: Profiling results of the studied streams.
Name of river Length of Sampling
date
section
sampled /
Sampling
interval

Parameters
measured 1)

Range of parameters Mean
in sampled river
for
section
sampled
river
section

Data
preparation
before
semivariogram
calculation 2)

Nugget
variance

C0
SEC - µS cm-1 in
25°C, Tw - °C
SEC: 160 – 455
pH: 7.90 – 8.39
Tw: 6.0 – 7.9
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Units

[m]

Chwalimski
Potok

215 / 5

2001-0313

SEC / pH /
Tw

Radomyski
Potok

149,5 / 2

1992-0305

SEC / pH /
Tw

SEC: 207 – 361
pH: 5.45 – 7.73
Tw: 3.8 – 6.1

Młyński
Potok

2460 / 20

2002-0309

SEC / Tw

SEC: 291 – 361
Tw: 4.1 – 6.3

Kłuda

6990 /
100

1992-0820

SEC / pH

SEC: 352 – 419
pH: 7.29 – 8.15

the upper
Parsęta

12940 /
100

1993-0704

SEC / pH

SEC: 471 – 829
pH: 7.59 – 8.50

1)
2)

Sill
Range
(nugget
variance +
structural
variance)
A0
C + C0
[m]

SEC:
419.2
pH: 8.23
Tw: 7.0
SEC:
277.8
pH: 6.33
Tw: 5.0
SEC:
326.5
Tw: 5.44
SEC:
401.8
pH: 7.82
SEC:
590.0
pH: 7.92

SEC – Specific Electric Conductivity of water, pH – reaction, Tw – water temperature,
CLTR – curvilinear trend removal, LTR – linear trend removal

SEC: none
pH: none
Tw: CLTR

SEC: 1.0
pH: 0.02
Tw: 0.1

SEC: 37.9
pH: 0.05
Tw: 0.18

SEC: 25.2
pH: 42
Tw: 36.4

SEC: CLTR
pH: CLTR
Tw: LTR

SEC: 2.63
pH: 0.14
Tw: 0.05

SEC: 6.0
pH: 0.27
Tw: 0.15

SEC: 17.9
pH: 23.1
Tw: 17.1

local means
removal

SEC: 0.9
Tw: 0.08

SEC: 3.8
Tw: 0.23

SEC: 150/400
Tw: 430

None

SEC: 0
pH: 0

SEC: 7.5
pH: 0.12

SEC: 310
pH: 315

SEC: CLTR
pH: none

SEC: 7.21
pH: 0.06

SEC: 14.5
pH: 0.31

SEC: 436
pH:
1200/2600
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