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Summary

The scope of this study is to investigate the environmental change in the German
part of the Elbe river basin, whereby the focus is on two water related problems:
having too little water and having water of poor quality.

The Elbe region is representative of humid to semi-humid landscapes in central
Europe, where water availability during the summer season is the limiting factor
for plant growth and crop yields, especially in the loess areas, where the annual
precipitation is lower than 500 mm. It is most likely that water quantity problems
will accelerate in future, because both the observed and the projected climate
trend show an increase in temperature and a decrease in annual precipitation,
especially in the summer. Another problem is nutrient pollution of rivers and
lakes. In the early 1990s, the Elbe was one of the most heavily polluted rivers
in Europe. Even though nutrient emissions from point sources have notably
decreased in the basin due to reduction of industrial sources and introduction of
new and improved sewage treatment facilities, the diffuse sources of pollution are
still not sufficiently controlled.

The investigations have been done using the eco-hydrological model SWIM
(Soil and Water Integrated Model), which has been embedded in a model frame-
work of climate and agro-economic models. A global scenario of climate and
agro-economic change has been regionalized to generate transient climate forc-
ing data and land use boundary conditions for the model. The model was used
to transform the climate and land use changes into altered evapotranspiration,
groundwater recharge, crop yields and river discharge, and to investigate the de-
velopment of water quality in the river basin. Particular emphasis was given to
assessing the significance of the impacts on the hydrology, taking into account
in the analysis the inherent uncertainty of the regional climate change as well as
the uncertainty in the results of the model.

The average trend of the regional climate change scenario indicates a decrease
in mean annual precipitation up to 2055 of about 1.5 %, but with high uncertainty
(covering the range from -15.3 % to +14.8 %), and a less uncertain increase in
temperature of approximately 1.4 K. The relatively small change in precipitation
in conjunction with the change in temperature leads to severe impacts on ground-
water recharge and river flow. Increasing temperature induces longer vegetation

periods, and the seasonality of the flow regime changes towards longer low flow



spells in summer. As a results the water availability will decrease on average of
the scenario simulations by approximately 15 %. The increase in temperatures
will improve the growth conditions for temperature limited crops like maize. The
uncertainty of the climate trend is particularly high in regions where the change
is the highest.

The simulation results for the Nuthe subbasin of the Elbe indicate that reten-
tion processes in groundwater, wetlands and riparian zones have a high potential
to reduce the nitrate concentrations of rivers and lakes in the basin, because they
are located at the interface between catchment area and surface water bodies,
where they are controlling the diffuse nutrient inputs. The relatively high reten-
tion of nitrate in the Nuthe basin is due to the long residence time of water in the
subsurface (about 40 years), with good conditions for denitrification, and due to
nitrate retention and plant uptake in wetlands and riparian zones.

The concluding result of the study is that the natural environment and com-
munities in parts of Central Europe will have considerably lower water resources
under scenario conditions. The water quality will improve, but due to the long
residence time of water and nutrients in the subsurface, this improvement will be
slower in areas where the conditions for nutrient turn-over in the subsurface are

poor.



Zusammenfassung

Ziel der vorliegenden Arbeit ist die Untersuchung der Auswirkungen des Globalen
Wandels auf den Wasserkreislauf im deutschen Teil des Elbeeinzugsgebietes. Der
Fokus liegt dabei auf Wassermengen- und Wasserqualitatsproblemen.

Die Elbe liegt im Zentrum Europas im Ubergangsbereich zwischen ozeanischen
und kontinentalen Klimaten, wo die Wasserverfiighbarkeit in den Sommermonaten
den limitierenden Faktor fiir das Pflanzenwachstum und die landwirtschaftlichen
Ertrage bildet. Dies gilt insbesondere fiir die Lossgebiete im Lee des Harzes, wo
die jahrlichen Niederschlage unter 500 mm liegen. Es ist sehr wahrscheinlich,
dass sich die Wassermengenprobleme in Zukunft noch verstarken werden, denn
sowohl das beobachtete als auch das fiir die Zukunft projizierte Klima in der
Region zeigen hohere Temperaturen und fallende Niederschliage, besonders im
Sommer. Ein weiteres Problem ist die hohe Nahrstoffbelastung der Fliisse und
Seen im Elbeeinzugsgebiet. Anfang der neunziger Jahre war die Elbe eine der
am starksten belasteten Fliisse in Europa. Obwohl die Eintrage besonders aus
Punktquellen durch den Riickgang der Industrie und den Bau von neuen Klaran-
lagen seitdem gefallen sind, gelangen trotzdem noch grofie Nahrstoffmengen aus
diffusen Quellen in die Gewisser.

Die Untersuchungen wurden unter Anwendung des 6kohydrologischen Modells
SWIM (Soil and Water Integrated Model) durchgefiihrt, welches tiber Schnittstel-
len mit Klimamodellen und agrookonomischen Modellen verbunden wurde. Ein
globales Szenario des Klimawandels und des landwirtschaftlichen Wandels wurde
regionalisiert, um so die geanderten Randbedingungen fiir den Szenarienzeitraum
zu erhalten. Simulationen mit SWIM dienten dann dazu, die geanderten Randbe-
dingungen in Anderungen im Wasserhaushalt und in den landwirtschaftlichen
Ertragen zu transformieren. Auflerdem wurde das Langzeitverhalten von Nahrstof-
fen im Untersuchungsgebiet modelliert. Besonderer Wert wurde dabei darauf
gelegt, die Unsicherheit der Szenarienergebnisse zu quantifizieren.

Der mittlere Szenarientrend zeigt eine Reduzierung der mittleren jahrlichen
Niederschlage bis zum Jahre 2055 um ungefahr 1.5 %, wobei die Ergebnisse mit
einer groflen Unsicherheit behaftet sind: die Spannweite der Niederschlage in den
Szenarienrealisationen liegt zwischen -15.3 % und +14.8 %. Die Erwidrmung unter
Szenarienbedingungen mit ungefahr 1.4 K ist weniger unsicher. Diese relativ

geringen Anderungen habe starke Auswirkungen auf den Wasserhaushalt im El-



begebiet: durch die steigenden Temperaturen wird die Vegetationszeit verlangert,
und die Niedrigabflussperiode im Sommer wird sich in den Herbst ausdehnen.
Insgesamt wird unter dem mittleren Szenarientrend die Wasserverfiigbarkeit um
ca. 15 % abnehmen. Aulerdem werden sich durch die steigenden Temperaturen
die Anbaubedingungen fiir warmeliebende Ackerfriichte in der Landwirtschaft
verbessern. Die Unsicherheit des Klimatrends ist dort am grofiten, wo auch die
lokalen Anderungen am grofiten sind.

Die Simulationsergebnisse fiir das Nuthe-Teileinzugsgebiet der Elbe zeigen,
das Retentionsprozesse im Untergrund und in den Feucht- und Auengebieten
einen starken Einfluss auf die Wasserqualitiat und die Nitratkonzentration der
Oberflachengewasser haben, da sie durch ihre Lage im Einzugsgebiet eine Schnitt-
stelle zwischen dem umliegenden Einzugsgebiet und den Fliissen und Seen bilden.
Die relativ hohe Umsetzung von Nitrat im Einzugsgebiet der Nuthe kann dadurch
erklart werden, dass Nitrat eine relativ lange Aufenthaltszeit im Grundwasser (im
Mittel 40 Jahre) mit einer hohen Nitratumsetzungsrate hat, und durch die guten
Denitrifizierungsbedingungen in den Feucht- und Auengebieten. Dazu kommt
noch, dass grofle Nitratmengen durch die Pflanzen in den Feuchtgebieten aus
dem Grundwasser aufgenommen werden.

Zusammenfassend kann man sagen, das sich die Okosysteme und die Gesell-
schaft im Elbeeinzugsgebiet unter Szenarienbedingungen auf niedrigere Wasser-
verfiigbarkeit einstellen miissen. Die Wasserqualitat wird sich grundsatzlich zwar
weiter verbessern, aber aufgrund der langen Verweilzeit der Nahrstoffe im Grund-
wasser wird dies insbesondere in den Teileinzugsgebieten, in denen die geochemis-
chen Bedingungen fiir einen hohen Néahrstoffumsatz nicht gegeben sind, noch

relativ lange dauern.
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Chapter 1
Introduction

Long term observations have shown that climate and land use intensity are chang-
ing on historical time scales ( , ). They are the two main bound-
ary conditions influencing the water and matter balance of a landscape (

, ). Model experiments and trends from long term observations indicate
that the change in both mean climate and climate variability will accelerate in
the near future. Increasing climate variability and higher temperatures may lead
to an intensification of the hydrological cycle in terms of evapotranspiration and
rainfall ( , ). In some regions an increase in magnitudes and
frequencies of extreme events are already being observed ( : ).
The vulnerability of certain regions and communities to changes in the hydrolog-
ical cycle will rise as a consequence of climate change, and foresight management
practices will be needed to cope with and to adapt to these changes (

, ). In many parts of the world, water demand is increasing, while con-
currently the availability and quality of water resources are decreasing, mainly
due to human activities in connection with the growing population, ongoing ur-
banization, industrialization and the intensification of agriculture. This is often
associated with general reductions in environmental quality and it endangers

sustainable development ( , ).

Integrated approaches are required to identify and analyze such unfavorable
and undesirable developments to allow sustainable systems to be designed that
integrate human society with its natural environment for the benefit of both.
One possible adaptation to Global Change is sustainable land and water use and

management to mitigate the impacts of the altering boundary conditions ( ,
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). It is therefore vital to investigate the impacts of climate and land use
changes on the water and nutrient balance and to find alternative management
options. The basis of such investigations has to be the understanding of historical
trends and developments and their impact on the environment (see

: ; : ).

Modeling studies generally consider the impacts of either climate or land use
changes on the water cycle of a certain region, rarely do they consider both in
an integrated model framework. Typically hydrological models do not integrate
other important features like vegetation and nutrients, and even when the com-
bined effect of changes in climate and land use are included, interactions and
feedbacks are usually not considered ( , ). However, a change in
climate will most likely also have an impact on land cover (especially vegeta-
tion, : ). ( ) discusses the new challenges in
hydrological modeling in the context of climate and land use changes, which are

summarized in the following four points:

1. The standard calibration methods of hydrological models need to be ad-
justed or extended to have an adequate representation of altered internal
dynamics of the hydrological system if the boundary conditions change.

The calibration process should be multi-criteria and multi-site.

2. The development of the scenario of changed boundary conditions should be
done considering feedbacks to derive consistent scenarios for land use and

climate changes.

3. The uncertainty related to input data, parameters and model processes
has to be quantified and, what is new, also the uncertainty in the scenario

conditions should be estimated.

4. Tt is necessary and important to adjust the climate or land use scenarios

for extremes such as floods or droughts.
In adopting these challenges, this study aims:

e to improve our understanding of eco-hydrological processes in meso- to

macroscale river basins under climate and land use change,

e to find conceptual solutions to describe the relevant processes in a single

model framework, and based on it
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e to estimate the combined impacts of changing climate and land use on water
and nutrient fluxes in a large scale river basin considering the uncertainty

of the input data and model parameters.

To fulfill the requirements of integrated river basin modeling at the macro- scale,
a first step is to validate the model SWIM (Soil and Water Integrated Model,

, ) for the hydrological processes of the Elbe basin. To
achieve this SWIM was applied over nested sub-basins typical of the main sub-
regions in the Elbe basin. New methods for climate data interpolation, model
validation, sensitivity and uncertainty analyzes were developed and implemented.
An important finding was that water and nutrient retention processes are par-
ticularly important in lowlands and especially in wetlands and riparian zones.
After implementation of new model descriptions for wetland processes and the
development of special interfaces to climate and agro-economic models, the final
step was to apply the validated model over the entire German part of the Elbe

basin to assess the possible impacts of Global Change.

1.1 Integrated water resources management and

river basin modeling

1.1.1 Why integrated water resources management?

Changes in precipitation and its intensity resulting in severe droughts and disas-
trous floods and increasing contamination of surface water bodies and groundwa-
ter have raised the awareness of the public to environmental change (

, ). Water is essential for human food production and water supply,
for industrial and energy production, fishing and river navigation. Ecosystems
are uniquely adapted to the water cycle of river basins, and land use and climate
changes may lead to often unfavorable changes in ecosystem structure (

, ). However, river basins are very complex systems formed and influ-
enced by many different land and water users (natural and anthropogenic), and it
is often difficult to trace back changes in the water cycle to one single measure or
intervention. Observed trends are often the result of a variety of interacting mea-
sures and interventions. Climate change represents only one such intervention.

In most parts of the world, the environmental character of catchments, their veg-
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etation and soil patterns, water bodies and flow regime, have been significantly
altered by humans with their regionally-specific water and land use management
(see Chapter 1.3.2).

The complexity of the problem makes it necessary to consider all different
land and water users in a river basin using an integrated approach, taking into
account dependencies and feedbacks ( , ). This is the core
of integrated water resources management (IWRM), which tries to consider the
catchment and its different users as a whole, where interventions in the water
cycle will most likely affect all user, especially those downstream. According
to ( ), IWRM is the encompassing paradigm for adaptation
to contemporary climate variability, and it is the prerequisite for coping with
the still uncertain consequences of global warming and other related changes in
climate and their repercussions on the water cycle. In accordance with recent
understanding, IWRM has been defined by the Technical Advisory Committee
of the Global Water Partnership as follows ( , )

"IWRM is a process, which promotes the co-ordinated development and man-
agement of water, land and related resources, in order to maximize the resultant
economic and social welfare in an equitable manner without compromising the

sustainability of vital ecosystems.”

One of the earliest attempts to define an appropriate methodology for in-
tegrated river basin management is the scheme of Driving forces - Pressures -
States - Impacts - Responses (DPSIR) as suggested by the European Environ-
ment Agency ( , ; , ). The scheme describes a natural sys-
tem subject to anthropogenic pressure, where the driving forces (e.g. land use,
climate) generate a pressure (e.g. global change, land use change) on the system
(the river basin), thus altering the state of the system (e.g. from oligotrophic
to eutrophic conditions). This alteration represents an impact, i.e., an effect
upon the environment and society, for example a decrease in water availability or
quality. When this affects society in an unfavorable way, society reacts by devis-
ing and implementing responses (e.g. adapted water and land use management)
that can target either the drivers, the pressures or the state so that undesired or

threatening impacts are avoided or compensated ( , ).

4
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1.1.2 Why integrated modeling?

The complexity of integrated water resources management makes it necessary to
have a model representation of the internal system dynamics in a river basin,
which is able to reproduce the state of a river basin, the pressures generated
by driving forces and the impacts induced by changes in these driving forces
( , 2004).

In the past, much of the emphasis in IWRM and therefore also in integrated
river basin modeling has been on predicting the impacts of anticipated changes
like land use and water management ( , ). These pres-
sures on the river system are often referred to as ‘internal boundary conditions
and can be controlled and adapted to a certain extend by the local people (users).
Over the last decade, public awareness for possible changes in climate and their
impacts on the water cycle has grown. These pressures are often referred to as
external boundary conditions and are not under the control of the local people.
Here, models can support decision makers working in environmental or water
management agencies to find solutions for sustainable use of water resources
under changing boundary conditions ( , ). Models allow to investi-
gate and test in a cost effective way different planning alternatives, which target
the management problem. In recent times, the growing use of integrated catch-
ment models has facilitated discussions and consultation between the various
stakeholders in integrated water resources management. Whereas the traditional
investigation of impacts focused on more technical indicators like river flow and
water quality, today a more open approach to river basin management is taken

which also considers the human dimension of the impacts in a participatory way

( , 2009).

1.1.3 Why river basins?

( ) point out that integrated river basin modeling at the regional
scale is the most challenging field in climate change research. The most important
driving forces of climate change are located at the regional level, where also
political decisions and technical measures to adapt to climate change take place.

The river basin is a very suitable spatial unit to investigate impacts of envi-

ronmental changes because it allows balancing the water and matter fluxes over
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entire landscapes ( , ). Natural boundaries of watersheds
(considered as a semi-closed system) integrate practically all natural water and
biogeochemical fluxes in their catchment area, and thus can be used by the mod-
eler to validate simulation results against observed data at the basin outlet. In
addition, water and nutrient flows in rivers are very sensitive to climate variability
and large scale changes in land use. Often only a small fraction of rainfall and of
the fertilizers originally applied in a basin reach the surface water system; evap-
otranspiration, plant uptake and retention (translocation and transformation)
count for the rest. As a result, relatively small changes in inputs (precipitation,
fertilizers) can lead to significant changes in outputs (river discharge and nutrient
concentrations and loads), and observations at the basin outlet are accurate indi-
cators for long term changes in climate and land use, which are altering the state
of the river system. In addition, river basins combine all relevant environmental
processes in a landscape, and therefore all these processes need to be taken into
account to find management solutions for sustainable development in a certain

region ( ) ).

1.1.4 Why the Elbe river basin?

The Elbe river basin was selected because it combines many different aspects,
which are of interest to the scientific community as well as for the people living
in river basin. Some important hydrological characteristics of the basin and

challenges for scientists are:

e The Elbe basin is located in Central Europe at the transition zone be-
tween marine and continental climates, with annual precipitation between
900 mm a! in the northwest and 500 mm a! in the central part of the basin

(see Figure 1.1a).

e The annual per capita water availability is only 680 m? a' in the Elbe
catchment (and only 280 m? a™' in the Spree subbasin), which is the second
lowest of the large rivers basins in Central Europe (in comparison, the
Rhine basin and the German Danube basin have rates of 1370 m?® a™' and
4300 m? a!, (see , ). As a result, only small

changes in land use, water management and in climate variables have large
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impacts on the water availability in the catchment, and therefore the Elbe

river basin is likely to be highly sensitive to any future changes in climate.

e Recent trends in precipitation differ markedly over large areas within the
basin from the anticipated global trend with a decreasing trend in annual
precipitation across the central part of the basin ( ,

) (see Figure 1.1Db).

e Large parts of the Elbe basin are located in lowland areas having shallow
groundwater, and the specific hydrological processes in riparian zones and
wetlands are very important for the water and nutrient cycle in the catch-
ment. Until now such processes have either been ignored or are considered

secondary in most recent hydrological models.
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(a) Precipitation

Figure 1.1. Average precipitation 1951-2003 and trend in precipitation 1951-2003 (in
black the borders of the German part of the Elbe basin).

The largest part of the catchment area is located in the Czech Republic and in
the former German Democratic Republic. Political changes and their influence
on land use and water management during the last decades as well as their
impacts on water quality and quantity can serve as an example for the possible

changes which are ongoing or will take place in other East European countries

7
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(Krysanova et al., 2005b). Examples are basin-wide implementation of improved
sewage water treatment, changes in the intensity of agricultural management and

climate change.

120

100

80

60 -

weighted sum

40

20

wetland

more often
summer
municipal
industrial
uncertain

more intensive

flood drought water quality climate change land use change

Figure 1.2. Result of a questionnaire compiled in the framework of the German
GLOWA Elbe project (Wechsung et al,, 2005a) and the EC NEWATER project
(Pahl-Wostl et al., 2005). The answers have been weighted according to the impor-
tance indicated by the water experts.

Interestingly the people living in the Elbe basin are aware of the environ-
mental change in the catchment: Figure 1.2 gives the result of a questionnaire,
where in total 88 persons working in environmental agencies and private firms
and involved in water and land use management affairs in the Elbe basin were
asked their opinions on the main water related environmental problems in the
catchment. They identified summer droughts, diffuse contamination of surface
water bodies, followed by climate change (to drier conditions) and the increas-
ing severity of flood events. Another problem associated with climate change to
be taken seriously is the uncertainty in future climate variability. The need for
scientific support to address the water related problems in the Elbe basin under
environmental change is the motivation behind the choice of this basin for the

study.
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1.2 The Model

Over the last decades, many hydrological models with different degree of physical
background have been developed, having different approaches to reproduce the
spatial heterogeneity and the hydrological processes in a catchment. According to

( ), these models can be classified into three main types: The first
type are the so called lumped models (also ”black box models”), where the spatial
heterogeneity of the landscape is represented only by average characteristics, for
example the lumped version of the HBV model ( , ). They operate
with a minimum of functions, which describe the response of a variable of interest
(e.g. of river flow) to a driver (e.g. precipitation). The advantage of the lumped
conceptual models is that they are easy to apply at different scales with only
a minimum of input data. However, the reliability and transferability of these
models is restricted due to the fact that the physical background of the model
formulations is limited ( , ).

The second type are fully spatially-distributed physically based models. Ex-
amples are the SHE model family ( : ) and more sec-
toral models like groundwater models ( : ), where the
processes of each element (often grid cells) of the landscape are influenced by the
processes of the neighboring elements. The advantage of these models (provided
that all input data are available) is that they allow to reproduce the lateral flow
and transport processes in a river basin from spatial element to spatial element
and therefore to consider feedbacks if the physical status of the neighboring ele-
ment changes. Their disadvantage is the large data demand to identify the model
parameter structure and the high computation time to solve the non-linear equa-
tions numerically for each single model element. Therefore, they are mostly
applied at the plot scale, in small scale watersheds or at hill-slopes, where data
support is sufficient, or in benchmarking experiments to compare their model per-
formance against the results of simpler models (see Chapter 3.3.1,

, 2004).

SWIM (Soil and Water Integrated Model, , ) belongs to
the third type of hydrological models, to the so called hydrological models of in-
termediate complexity (HYMIC, , ), sometimes also called process
oriented models, where physically based formulations to describe the variables

are combined with more empirical approaches to provide essential input infor-

9
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mation. SWIM is based on two previously developed models, SWAT (Soil and
Water Assessment Tool, Arnold et al., 1993, 1994) and MATSALU (Krysanova
and Luik, 1989; Krysanova et al., 1989). The hydrological module (see Chapter
1.2.2) and the vegetation module (Chapter 1.2.3) are basically the same as in
SWAT, the nitrogen module has been taken from the model MATSALU (Chap-
ter 1.2.4, Krysanova and Luik, 1989; Krysanova et al., 1989). The model history
of SWIM and the major differences to SWAT are described in Krysanova et al.
(2005a). Figure 1.3 gives a summary of the processes at the hydrotope level and
their integration in the model and the feedbacks, and Figures 1.6, 1.7 and 1.8

show these processes in more detail.

Climate: solar radiation, temperature, & precipitation

\4
v Nitrogen cycle

Hydrological cycle

Croplvegvt\a’tt?ltion T ¢

© S gro

e I @
o

] v 1

7
N o>
O

b \
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>

Land use pattern Eﬁ & land management

(- |

Figure 1.3. Processes included in the model SWIM on the hydrotope level and the
feedbacks (Ny.ac = active organic N, N, = stable organic N, Ny = fresh organic
N, Piap = labile P, Py,ac = active mineral P, Py, = stable mineral P, Poyy =
organic P, Pos = fresh organic P).

SWIM is a continuous-time semi-distributed watershed model, which inte-
grates hydrological processes, vegetation, erosion and nutrient dynamics at the
river basin scale (I[Xrysanova et al,; 1998 2000). The combination of empirical
and physically based descriptions in one model code allows to apply the model
on a daily time step at the regional scale, considering the spatial heterogeneity of

the landscape and possible feedbacks between vegetation, hydrological processes

10



1.2 The Model

and nutrient transport and retention (see Figure 1.3). According to

( ) (page 173), these feedbacks are the most important in hydrological
modeling of environmental changes. The hydrological cycle influences practically
all other processes in SWIM (vegetation growth, nutrient cycling and transport),
whereas vegetation has also a strong feedback on the hydrological processes (e.g.
evapotranspiration, see Equation 1.12) and nutrient uptake (see Chapter 1.2.3).

Another advantage of the SWIM model is that the model code, written in
the FORTRAN programming language, is publicly available and can easily be
modified or extended to incorporate new modules as required. An interface
implemented in the GRASS Geo-information System (GIS) supports the data
pre-processing ( , ).

SWIM was chosen for this study, because it integrates the hydrological and
plant growth processes relevant for the integrated investigation of global change
impacts, and has a spatial disaggregation scheme which allows to incorporate and
analyze different land use and water management strategies. During this study,
the model was extended to adapt it to the specific environmental characteristics
of the Elbe river basin, and to allow its application at the macroscale in the
integrated framework of the GLOWA Elbe project ( , ).

The main developments in the framework of this work are:

e Implementation of a methodology for sensitivity and uncertainty investiga-
tions ( , ,b, see Chapters 2.4 and 4.3) to estimate

the reliability of the simulation results.

e Interfaces to regional climate and land use models, whereby new methods
for climate data interpolation and crop rotation were developed and imple-
mented ( , in Chapter 5.2.1, and ,

). They allow to regionalize the climate information from the 369
weather stations and land use information of the 112 counties located in

and around the border of the German part of the Elbe basin.

e Implementation of daily groundwater table dynamics ( ,
, Chapter 3.2.1) at the level of hydrological response units (the so

called hydrotopes, see the next Chapter) in order to model the hydrological
characteristics of wetlands and their interaction with groundwater in the

model run.

11
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e Implementation of water and nutrient retention processes in groundwater,
wetlands and riparian zones ( , , Chapter 4.2.3) to

estimate the buffering effects of these areas for water quality and quantity.

An important goal has been to adapt the model developments for application in
macroscale basins with commonly available data.

The model extensions listed above have been introduced to overcome some
shortcomings of the model, which are relevant for the modeling task of this thesis.

Other, which were not particularly important for the objectives of this work are:

e The SWIM model was not designed to investigate flood events. The model
simulates on a daily time step, and some processes, especially those which
are important for flood generation (like surface flow generation), are repre-
sented in the model by conceptual formulations (for example the curve num-
ber method, see Equation 1.2), because the physical approaches (e.g. the
Green-Ampt method, see , ) would require a much shorter
time step, and, as a result, the computation time would increase. The use
of the conceptual approaches in combination with the physical ones in this
thesis is justified by the fact that it aimed at the investigation of the long-
term changes of the water balance and crop yields in the Elbe basin, and

not at the investigation of short-term events like floods.

e The hydrotope concept discussed in the next chapter guarantees a spatial
resolution of the modeling results (e.g. evapotranspiration, groundwater
recharge), which corresponds to the resolution of the spatial input data
(the hydrotope level). However, this is only true for the vertical flows.
The model concept, where lateral flows are calculated using retention func-

tions, does not allow to follow lateral flows in form of a ”particle tracking”

( , ). The model extensions discussed in Chap-
ter 4.2.3 ( , ) have been introduced to overcome this
bottleneck.

e Climate and the hydrological cycle have only a one-way coupling, with
climate being the most important driver for the hydrological processes. The
impact of the local hydrological status (especially of soil moisture) on the
local climate can also be important ( , ) and is subject

of intensive investigations ( , ). However, the influence of

12



1.2 The Model

hydrological processes and land cover on climate was not the scope of this

study.

A full description of the basic version of the model can be found in
( , ). An extensive hydrological validation of the model in the Elbe
basin including sensitivity and uncertainty analysis of the hydrological processes
in the main subregions of the Elbe basin is described in ( ).
A brief introduction to the basic model components is given in the following sec-
tions. This gives the reader a comprehensive overview of the main model modules
and the regionalization concept. The descriptions of the model extensions are

presented in the papers (Chapters 2, 3, 4 and 5).

1.2.1 Spatial disaggregation

River basins are a composite of many different geographical features, which are

influencing the water and nutrient balance of a landscape (

).

Y

a
Climate

b
Hydrology
Land use

C
Soils/
Geology
Settlements/ d
Infrastructure

Figure 1.4. Left: aggregation, disaggregation and layers of information in hydrolog-
ical modeling (Viner and Hume 1997, changed). Right: disaggregation in SWIM:
different layers of information are combined to derive hydrological response units
(hydrotopes) (a: subbasins, b: landuse, c¢: soils, d: hydrotopes).
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The most important are the topography (e.g. altitude, slope), vegetation
(e.g. leaf area index, biomass and root depth), soils (e.g. permeability, fertility),
geology (e.g. porosity, hydro-chemical conditions) and land use pattern (e.g. land
cover, fertilizer application, surface roughness). Because of their importance for
the local water and nutrient cycle, these features have to be represented in the
model description of the river basin, if the aim of the study is to investigate
environmental changes in a catchment.

Figure 1.4 summarizes the most important layers of information, which are
generally needed to mirror the spatial heterogeneity of a landscape in a hydro-

logical model.

Figure 1.5. Flow generation processes considered in SWIM. The vertical flows at the
hydrotope level (B) are aggregated at the subbasin level (A), with the wetlands
and riparian zones of the extended model as an interface between catchment area
and surface water bodies (C). Black lines delineate grid elements (the basic spatial
information), which are aggregated to hydrotopes (red lines).

A three-level scheme of lateral spatial disaggregation from basin to subbasins
and to hydrotopes is used, whereby the hydrotopes form the finest disaggregation

level. A hydrotope in SWIM is a set of elementary units, which have the same

14



1.2 The Model

geographical features like land use and soil type, and which belong to the same
subbasin (Figure 1.4). Therefore, it can be assumed that they behave in a hy-
drologically uniform way. If necessary, it is also possible to apply the hydrotopes
as spatially explicit (this can be important for lateral flow processes or for cou-
pling with other models). Hydrotopes are delineated using GIS by overlaying the
corresponding spatial map layers (Figure 1.4). The spatial scale of the map with
the finest resolution determines the spatial heterogeneity which is represented in
the hydrotopes and therefore also in the model description of the river basin.

The flow generation processes which are considered in SWIM are illustrated
in Figure 1.5. Water fluxes, plant growth and nitrogen dynamics are calculated
for every hydrotope, where up to 10 vertical soil layers can be considered. Soil
water and nutrients reach the groundwater surface after percolation through the
unsaturated geological layers between soil and groundwater table, whereby a de-
lay function controls the timing of the recharge. Fast lateral flow components
in the model framework are surface flow and interflow. A slow lateral flow com-
ponent is formed by groundwater discharge, due to the normally low hydraulic
transmissivity of the aquifer sediments. Lakes are a special form of hydrotopes,
where the actual evapotranspiration reaches the potential evapotranspiration. In
the extend model, wetlands and riparian zones form an interface between catch-
ment area and rivers and lakes (Chapter 4.2.3, , ). After
reaching the river system, lateral fluxes of water and nutrients are routed over
the river network, taking transmission losses into account. The subbasin borders
used in the model applications are defined using the GIS GRASS and the digital
elevation model DEM), or provided by the local authorities.

15
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1.2.2 Hydrology

The validation of the hydrological processes in a river basin is the fundamental
first step of model applications of the SWIM model, because nearly all other
processes in SWIM, such as vegetation growth and nutrient transport, are con-
trolled by or connected to water flow and availability (see Figure 1.3). The
simulated hydrological system is schematically illustrated in Figure 1.6. It is,

with some minor differences, identical to the one of the SWAT model.

land use

| management

retention slope
coefficient

field
capacity

p ge time t|<

drainable water
per layer

from the saturated
zone

drainage porosity
slope length

hydraulic
conductivity

saturated
conductivity

Figure 1.6. The hydrological processes (blue) of the model SWIM including the
parameter demand (yellow). These parameters are partly taken from tables and
partly calculated by the model (e.g. passage time per soil layer and hydraulic
conductivity.)

The Priestley and Taylor (1972) method is used to estimate the potential
evapotranspiration Ep [mm d~!'], where only net radiation R, [M.J m™2] and air

temperature are needed as inputs at time step t:

Ep, =128 (J;“t) : (%) . (1.1)
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1.2 The Model

The latent heat of vaporization H [MJ kg™'] is calculated as a function of
the mean daily air temperature, § is the slope of the saturated vapor pressure
[kPa K~'] and v the psychrometer constant [kPa K~']. Soil evaporation and
plant transpiration are calculated using the approach of ( ), where
they are functions of the dynamic leaf area index LAI (see Equations 1.13 and
1.14).

Surface runoff is calculated using a modification of the Soil Conservation Ser-
vice (SCS) curve number technique ( : ; : ), where daily
surface runoff @ [mm d~'] at time step ¢ is estimated from daily precipitation
P [mm d~'] taking into account a dynamic retention coefficient Sx by using the

SCS curve number equation:

(P, —0.2-Sx)?
P,+0.8- Sy

Q= P>02- Sy, (1.2)

O, = 0 P<02-Sy. (1.3)

The retention coefficient Sy [mm] varies spatially depending on different soils,
land use and slope, and in time because of changing water content. Sy is related

to the curve number Cy by the SCS equation:

100
=254 .| — —1|. 1.4
Sx =25 (CN ) (1.4)

The parameter Cy is defined for three moisture conditions from dry to wet, and

can be calculated or used as a tuning parameter ( , ).

Water, which has infiltrated into the soil, percolates through the soil layers
using a storage routing technique ( , ), where Ws,, and W, L1 are
the water contents of the soil layer at the beginning and end of the day ¢ in mm
respectively, and P.,. is the amount of percolated water per day from the layer
in mm:

—At
Peree = W ay = Wsy = W, [1 — (T_T)} . (15)

T is the travel time through each layer in hours and is calculated with the linear

storage equation
- Ws—Fc = Ws—F¢

Tr = K (©) _KS'<%>B,

UL

(1.6)
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where K(©) is the hydraulic conductivity [mm h™'], Kg [mm h~'] is the satu-
rated hydraulic conductivity (calculated with a pedotransfer function using the
texture classes of each soil layer), Uy, denotes the soil water content at saturation
[mm mm™1], 8 is a shape parameter, and Fi is the tabulated field capacity water
content of the layer in mm. The soil parameters, as provided by the regional au-
thorities for the so-called ’leading profiles’, are normally imprecise and sometimes
incorrect or have to be calculated using pedotransfer functions (e.g. for saturated
conductivity), so that it is often necessary to calibrate the value of Kg. Lateral
subsurface flow or interflow is calculated simultaneously with percolation using
a kinematic storage model developed by ( ). Interflow occurs in
a given soil layer if the soil layer below is saturated so that the amount of base

flow increases with increasing values of saturated soil conductivity.

The equations for groundwater flow and groundwater table depth were derived
from ( ), assuming that the variation in return flow ¢
[mm d~'] at time step ¢ is linearly related to the rate of change in water table
height h [m]:

G = qi—1 - €T 4 Rea, - (1-— e(_a'm)) , (1.7)

Reay
08 5a U
Here Rc is the groundwater recharge in mm per day and S the specific yield

m®

hy = hy_q - €AY 4 — elmeai)) (1.8)

or drainable porosity. The reaction factor « is a function of the hydraulic

transmissivity 7' [m? d~'] and the slope length L [m]:

10-T

- = (1.9)

(07

At the macroscale, the basic geo-hydrological input data (transmissivity, specific

yield) are usually not available, and therefore the value of « has to be calibrated.

The approach has been further developed in the thesis to calculate the groundwa-

ter dynamics at the hydrotope level on a daily time step (see ,
in Chapter 3).

The flow routing from subbasin to subbasin is calculated using the Muskingum

flow routing method ( , ), where a continuity equation is assumed:

d (Sr)
dt

= Qi, — Qu, (1.10)
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1.2 The Model

Here Sg is the water volume within a certain reach in [m3], Q;, [m® s7!] is the

inflow rate into the reach and @, [m® s7!] is the outflow rate at time ¢. The idea

of the Muskingum method is to facilitate a variable discharge storage equation:
Sr, = Kp - [X - Qi + (1 = X) - Qo,] (1.11)

where X is a dimensionless weighting factor in river reach routing. The storage

time constant Ky is estimated using the reach length and the wave celerity.

The four main calibration parameters used to adjust the hydrological processes
in SWIM are tuning factors for soil percolation (Equation 1.6), groundwater dis-
charge and height (Equations 1.7 and 1.8), flow routing (Equation 1.11) and net
radiation (Equation 1.12). Soil percolation, river routing and groundwater height
and discharge are adjusted by simply multiplying them with global correction fac-
tors (sccor for soil percolation, with 0 < sccor < 10; rcor for river routing, with
1 < recor < 40; and « for groundwater height and discharge, with 0.05 < o <
0.7). Total net radiation is adjusted by changing the long wave emission. Since
long wave emission is negative in the radiation term and is directly adjusted by a
correction factor (rad), total net radiation will decrease with increasing values of
rad (with -0.3 < rad < 0.3). The correction of net radiation was used to adjust
evapotranspiration. It has to be mentioned that the correction of net radiation
became less important in the extended model with the wetland module included.
The overall sensitivity of the model results to the tuning parameters for the dif-
ferent subregion in the Elbe basin is described in ( ) in
Chapter 2.4.1.

1.2.3 Vegetation

In contrast to most other hydrological catchment models, vegetation processes
(plant growth, water and nutrient uptake) are simulated dynamically on a daily
time step in SWIM, whereby it is possible to distinguish between 72 different
plant types. They are simulated using a simplified EPIC approach (

, ), which is basically the same as implemented in the SWAT model.
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Figure 1.7. The vegetation module in SWIM and its parameter demand (yellow). The
parameters are partly taken from tables (e.g. the crop harvest index, maximum
potential LAI, biomass energy ratio and the crop specific minimum and optimal
temperature for growth), and partly calculated daily (e.g. the heat units and the
temperature, water and nutrient stresses).

pot. biomass
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The advantage of having a dynamic representation of plant processes in the
model is the possibility to take into account their type and age specific response
to land use management and climate variability, which gives a more realistic

, 2005).

Typical examples are winter wheat and most other cereals cultivated in Europe

feedback on environmental change in the river basin (

(mostly C3 plants), which have their temperature optimum between 12 °C and
15 °C and therefore are not promoted by the anticipated change in temperatures,
and maize, which has its temperature optimum around 20 °C and will benefit from
the increase in temperature (see , in Chapter 5.3.2). Two

vegetation types are considered in the module:

e annual vegetation (altogether 42 different arable crops like wheat, barley,

rye, maize, potatoes etc., and cover crops) and

e perannual aggregated vegetation types (like e.g. 'mixed forest’, 'meadow’,
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1.2 The Model

and "heather’), using specific parameter values for each crop/vegetation

type.

The basic processes responsible for plant growth are the interception of energy
in terms of net radiation and phenological development of the plants based on
accumulation of daily heat units (see Figure 1.7).

The intercepted photosynthetic active solar radiation P,. [MJ m?] is esti-

mated following Beer’s law ( : ):
P = 0.02002 - Ryq - [1 — exp (—0.65 - LAI)], (1.12)

where R4 is the solar radiation in Ly and LAI the leaf area index. The potential
increase in biomass is afterwards adjusted by multiplying P,, with a plant specific
biomass-energy ratio B, [kg ha™' d™1] ( : ).

The potential increase is adjusted further, if one of the plant stress factors
for water availability, nutrient availability or temperature is lower 1. The water
stress factor is calculated by comparing water supply in soil and water demand,
assuming that about 30 % of the total water comes from the top 10 % of the
root zone. The approach reflects the observation that plants satisfy their water
demand from different layers at the same time, with a maximum from the top
layers, and allows roots to compensate for water deficits in certain layers by using
more water in other layers with adequate supply. Nutrient uptake by plants is
estimated using a supply and demand approach (see Chapter 1.2.4).

The leaf area index LAI in [m? m™?] used in Equation 1.12 is calculated as a

function of heat units and biomass, and is different for two phases of the growing

season:
LAl B
LAI = maz " Dag FIyun < Diars 1.13
Boy 4 czp (95— 0.0006- Boy) 4 fmun < Prar (1.13)
LAI =16 - LAI - (1 = Ijyy)® i f Inun > Dpar. (1.14)

LAl is the plant specific maximum leaf area index, B,, the aboveground
biomass in [kg ha™'], and D,,,, is the crop specific fraction of the growing season
before LAI starts declining. I, is the heat unit index ranging from 0 to 1 at

physiological maturity:

Ty = 2 D (1) (1.15)
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where Py, is the number of potential heat units required for the maturity of the
crop. Dpyp is the value of heat units accumulated per day ¢, and is calculated
using the maximum and minimum daily temperature 7,,,;, and T},., in °C":

Tmaac Tmzn
Dhun(t) = (%) —T,, T,>0, (1.16)

with T}, being the plant specific base temperature in °C below which the plant
does not grow.

The daily plant nitrogen demand is calculated as a function of the optimal
nitrogen concentration in the crop biomass, and already accumulated nitrogen in
biomass. Three parameters are specified for every crop in the crop database to
calculate the optimal crop nitrogen concentration as a function of growth stage
(see Chapter 1.2.4). The crop is allowed to take nitrogen from any soil layer that
has roots, or in the extended version from groundwater, if the roots have access
to it (Chapter 4.2.3, , ). Uptake starts at the upper layer
and proceeds downwards until the daily demand is met or until all nitrogen has
been depleted.

1.2.4 Nitrogen cycle

The nutrient balance of river basins and most landscapes in Europe has been
and still is strongly influenced by human interventions. As a result, the nutrient
concentrations in most groundwater and surface water bodies are considerably
higher than before, and many surface waters suffer from eutrophication. The
reasons are high rates of fertilizer application on farmland and forests, increased
atmospheric deposition of nitrogen, and point sources like waste water discharge.
However, water of good or sufficient quality is one of the basic demands not only
of the society but also of riverine ecosystems. The impacts of land use and climate
changes on the nutrient cycle in a river basin can only be investigated using an
integrated approach, where changes in temperature, seasonal precipitation and
fertilization regimes have feedbacks on plant growth and plant nutrient uptake
and therefore also on water quality in groundwater, lakes and river flow (see

, ). The model SWIM considers two nutrient cycles, of which
the nitrogen module is further described in this section because nitrate has been

used in ( ) to investigate the impacts of wetlands and
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Figure 1.8. The nitrogen module in SWIM with the parameters demanded in yellow,
which are partly taken from tables and partly simulated by SWIM (see

, 2000).

riparian zones on the water and nutrient flows.

The nitrogen and phosphorus processes in SWIM are both connected to plant
growth and hydrology. They include pools for nitrate nitrogen, active and stable
organic nitrogen, organic nitrogen in the plant residue, labile phosphorus, active
and stable mineral phosphorus, organic phosphorus, and phosphorus in the plant
residue, and the flows of fertilization, input with precipitation, mineralization,
denitrification, plant uptake, leaching to groundwater, uptake from groundwater,
losses with surface runoff, interflow and erosion (the nitrogen module is shown in

Figure 1.8). The model considers two sources of nitrate mineralization (
, 1981):
e the fresh organic nitrogen pool, associated with crop residue, and

e the active organic nitrogen pool, associated with the soil humus.

Organic nitrogen is divided into two pools, the active and readily mineralizable
organic nitrogen AN,, [kg ha™'] and the stable organic nitrogen SN,, [kg ha™!].

Organic nitrogen flow ANyy0, in kg ha~! between the active and stable pools is
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described using an equilibrium approach, assuming that the active pool fraction

at equilibrium is 15 %:

ANor
ANy,

AN, fi0w = NCpy - ( ) — SN, (1.17)

where NC,; is the rate of flow in 107* d~!, and AN #r 1s the active pool fraction.

Decomposition of plant residue and fresh organic nitrogen pools and mineral-
ization flow from fresh organic nitrogen to plant available nitrogen are calculated
daily using first order equations. The decomposition rate Ny is a function of
C:N ratio, C:P ratio, temperature and water content in soil (

1081);
Nyee = 0.5 - min (Cn,Cp) - /Ty - Wy, (1.18)

where Cy and Cp are exponential functions of the C:N and C:P ratios, T} is a

function of soil temperature and W5 is the relation of soil water to field capacity.

The mineralization from active organic nitrogen is a function of temperature

and water content in soil:

Naom(i) = Nhum ’ Tf(l) ’ Wf(l) ’ ANor(i)v (119)

L d=! for the active organic

where Nyom(7) is the mineralization rate in kg ha~
pool in layer i, Nj,, is the humus rate constant for nitrogen (0.0003 d~!), and

Ty(i) and Wy (i) are the temperature and water factors for the layer .

Denitrification causes nitrate to be volatilized from soil. It occurs only in the
conditions of oxygen deficit, which usually is associated with a high water content
in soil. Besides, as one of the microbial processes, denitrification is a function of
soil temperature and carbon content. The soil water factor considers total soil
water and is represented by an exponential function, which reaches 0.5 at 0.7 of

field capacity and approaches 1.0 close to field capacity.

The amount of nitrogen (in form of nitrate) transported by water from layer to
layer in kg ha™! d=!, and the amount of nitrogen loss by groundwater recharge,
interflow and surface flow can be estimated by multiplying the weight of the
percolated water in kg ha=! d=! with the concentration of nitrogen in the water
volume. In the same way, the concentration of nitrogen in a soil layer can be

estimated by dividing the weight of nitrogen in the layer by the water storage in
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the layer.
Nitrogen uptake by plants is estimated using a supply and demand approach,
where the daily demand Ny in kg ha™! d7! is:

Nup(t) = Pon(t) - By(t) — Pon(t — 1) - Byt — 1), (1.20)

with Pon(t) being the optimal nitrogen concentration in the plant biomass per
day t, and P, being the accumulated biomass in kg ha~'. The optimal nitrogen

concentration is a function of growth stage using the following equation:

Ihun
Poy = (Byy — Bpa) - |1 — B, 1.21
on = (Bm 2) Tnam €20 (Sp1 — S - Tnun) + Dnp3 ( )

where B,,;_3 are plant specific parameters which describe the fraction of nitrogen
in plant biomass including seed at emergence, at 50 % maturity and at maturity.
Sp1 and Sye are shape parameters, and Iy, is the heat unit index (see equation
1.15).

Lateral nutrient retention during the passage from the hydrotope to the sur-
face water is calculated using a linear equation and considering the residence time
of the nutrients in the subcatchment, the nutrient turn-over and the plant uptake
in riparian zones and wetlands. The lateral flow module is described in detail in

( ) in Chapter 4.2.3.
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1.3 The Elbe river basin

1.3.1 Basin characteristics
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Figure 1.9. Subbasins and 13 gauge stations (right) in the German part of the Elbe
basin used in the study. Light blue indicates the nested subbasins which were used

in the sensitivity and uncertainty analysis in Chapter 2.4 (Hattermann et al., 2005a)
and the Nuthe basin, where the implementation of the riparian zone and wetland
module has been evaluated (Chapter 3, Hattermann et al., 2005b).

The Elbe basin is located in Central Europe in the transition zone between marine

and continental climates and covers a large part of the former German Demo-

cratic Republic. About 25 million inhabitants live in the basin, therein 76 % in

Germany. The total Elbe basin, including the Czech part and some small areas

in Austria and Poland, has a catchment area of 148,268 km?. The German part

of the Elbe, where the model was applied, covers approximately 80,256 km? from
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1.3 The Elbe river basin

the Czech border to Neu Darchau, the lowest gauge station not influenced by
the tide of the North Sea (see Figure 1.9), and in addition 16,148 km? in the
inter-tidal zone, drained by rivers influenced by the tide or regulated by the local
authorities. The total length of the Elbe river is 1092 km, 728 km of that is in
Germany (ATV-DVWIL, 2000).

Climatically, the central part of the Elbe basin is one of the driest regions in
Germany, with mean annual precipitation below 500 mm a* in the lee of the Harz
mountains (western part of the basin, see Figure 1.1). This is important because
this area contains the most fertile soils and hence highest agricultural productivity
in the basin. The long-term mean annual precipitation over the whole basin is
659 mm a’!, and the long-term mean discharge at the estuary is 877 m3 s with
an average inflow from the Czech Republic of 315 m3 s (ATV-DVWI, 2000).
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(a) Land use (b) Soils

Figure 1.10. Land use and soils in the German part of the Elbe basin. SWIM
distinguishes 15 land use classes (see Annex C), and 52 soil types are located in the
catchment.

The Elbe and its estuaries are regulated by 273 dams for flood protection and
freshwater supply. As a result of river management measures like river regulation,
flood protection and land drainage, the eastern tributaries have lost their natural

flow regime (flooding in winter and early spring and low water levels in summer
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and autumn). Despite flood protection measures, several extreme floods have
occurred over the last decades in the region, culminating in the disastrous August
2002 flood in the Elbe basin. The flood was caused by a low pressure system called

Vb (‘five b’), a circulation pattern that is known to produce heavy and intensive

rainfall, especially across Central Europe ( , ).
(a) Thiringer Wald (b) Magdeburger Borde
(c) Havelland (d) Elbe

Figure 1.11. The main natural landscapes in the German part of the Elbe basin
and the Elbe river. a) the mountainous area in the south and southwest of the
catchment: relatively steep slopes and high annual precipitation, the land is mainly
covered by forests and grassland. b) the loess plains adjacent to the mountains: rela-
tively flat, low annual precipitation, the land is mainly covered by arable land. c¢) the
northern lowland: bright valleys, river systems in Pleistocene watercourses, shallow
groundwater and relatively low amounts of annual precipitation (500-650 mm a!
per year). The land is covered by grassland and riparian forest along the rivers and
depending on soil fertility by arable land and forest elsewhere. d) The Elbe river
at Wittenberge.

28



1.3 The Elbe river basin

Hydrologically, the area of the German part of the basin can be subdivided
into three main subregions (mainly following the soil classes, see Figures 1.10b
and 2.2): (1) the mountainous subregion in the south, representing approximately
20 % of the total area, (2) the mountain foothills, predominantly covered by loess
soils (approximately 28 %), and (3) the undulating northern lowlands, comprising
approximately 52 % of the total area (see Figure 1.11).

The topography of the northern lowland formed during the last ice age (which
is called the ”"Weichsel” ice age in North Germany). The Elbe river is located
in an ancient Pleistocene watercourse, where the melted water of the ice sheets
coming from the north drained into the North Sea ( :

). Hence the northern part of the basin comprises mostly sandy glacial
sediments transported by ice and is drained by slowly flowing streams with broad
river valleys. The higher elevation sites with deeper water tables are covered by
sandy, highly permeable soils and predominantly pine forests; the valleys often
have loamy riparian soils with very shallow groundwater. Valleys are covered
by grassland and forests in areas with shallow groundwater, and arable land is
located where drainage systems are implemented and where the fertility of the
soils is high (see Figure 1.11c¢).

The finer deposits, which sedimented in the melting zone of the ice sheets, have
been further transported by wind erosion and finally accumulated in the foothills
of the mountains (their dominant texture class is silt, the sediments are called
"loess” after accumulation). Soils in the loess region, chernozems and luvisols,
are therefore mostly loamy and tend to have layers with low water permeability
so that in areas with steep slopes floods are generated, namely in the Saale and
the Mulde tributaries. These sediments normally have high field capacities and
nutrient supply, and the loess subregion is an area with very intensive agricultural
land use (see Figure 1.11D).

Mountain soils are mainly thin cambisols, which are formed by weathering
products and redeposited rocky materials. The mountainous areas are often

covered by forests and grassland.

1.3.2 Natural and socio-economic changes in the region

The region of Central and Eastern Europe, where the Elbe basin is located,

has witnessed significant socio-economic changes during the last two decades
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( : ). Fundamental changes started in the German Demo-
cratic Republic (GDR) and in the Socialistic Republic of Czechoslovakia (CSSR),
resulting in the reunification of Germany which occurred on the 3™ of October
1990, while the people in the former SRC chose to form two independent states,
the Czech and the Slovac Republic. The GDR adopted the economic system of
the Federal Republic of Germany already on July 1, 1990.

German reunification enabled Eastern Germany to become a part of the Eu-
ropean Union already in 1990, while the Czech Republic joined the EU on the 1%
of May of 2004. As already mentioned (1.3.1), about 87 % of the Elbe basin area
are covered by the former GDR and the Czech part of the CSSR. This is impor-
tant, because the political changes in the countries have resulted in an overhaul of
the sometimes outdated, ineffective, and often highly polluting industries, which
were energy and raw materials (including water) intensive ( : ).
The socio-economic changes in the region, which led to a collapse of much of the
old industry and collective agriculture, have considerably influenced conditions of
water availability, water demand and quality in the region. This is illustrated in

( ), where the natural and socio-economic induced changes
in the Elbe and in the neighbouring Warta river (the largest tributary of the
Oder river), are presented and analysed. Following their discussion, large-scale
changes in the socio-economic system in the study area have been superimposed
on the global environmental change, and particular, climate change. Rising tem-
peratures, increases in winter precipitation (but decrease of snow cover) and a
drop in summer precipitation have been observed in many areas in the Central

and Eastern European region ( : ).

Change in climate and socio-economics have altered the hydrological state
of the Elbe river, whereby three basic water-related regional problems can be
identified, all have manifested themselves in different regions of the basin: having

too much, too little and too polluted water (see Figure 1.12).

Some important indicators of change in Elbe river hydrology are the decreas-
ing water levels in rivers and groundwater observed in large areas of the eastern
and lowland parts of the basin (see Chapter 3.3.4). Groundwater recharge, es-
pecially, is extremely sensitive to changing boundary conditions like climate and
land use, since it represents the residual of the water balance ( ,

). Decreasing precipitation and higher variability (climate pressures) on the
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1.3 The Elbe river basin

one hand, and river canalization and land melioration (land use pressures) on
the other, may cause water depletion, making the development of comprehensive
strategies and tools to investigate such complex problems increasingly important
(see : in Chapter 3).

(a) Tangermiinde (b) Spreewald

(¢) Flaming (d) Havelland

Figure 1.12. Water related problems in the Elbe basin. a) Too much water: the
Elbe close to Wittenberge during the catastrophic summer 2002 flood, causing
extensive damage, especially in the southern part of the basin and along the main
Elbe stream. A similar flood event occurred only five years earlier in 1997 in the
neighboring Oder river basin. b) Too little water: the Spree tributary of the Elbe
river in the summer 2002 at Liibbenau, just one week before the Elbe flood. One
can see that there is insufficient water for tourist boats. ¢) Too little water: maize
field close to Jiiterbog (Nuthe subbasin) in the summer of 2003 (front: without
irrigation, back: with irrigation). d) Too poor quality: the Nuthe subbasin close to
Berlin.

This is also illustrated in Figure 1.13, where the Havel river, one of the largest
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tributaries of the Elbe river, shows a decreasing water level over the last decades,
while the Elbe river at Neu Darchau, close to the basin outlet, has no significant
trend. Simulation results indicate that the water depletion in the Havel river is
the result of two overlaying pressures, where one is climate change (lower precip-
itation), and another the cut back of the open pit mining in the Spree subbasin,

where the pits are flooded and therefore river runoff decreases ( ,

).
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Figure 1.13. Discharge frequency distributions for subsequent 20 year averages start-
ing in 1904 for the Elbe river flow at gauge Neu Darchau (Aro ~ 80,000 km?)
(left) and the most eastern tributary of the Elbe, the Havel river at gauge
Havelberg (Aro ~ 16,000 km?) (right). Notable is the significant trend to low
flow conditions in the Havel basin during the last two decades, whereas the
Elbe flow does not show a significant trend.

Another indicator of change in Elbe river hydrology is the increase in nutrient
concentrations (nitrogen and phosphorous) in the Elbe. In 1989 the Elbe was one
of the most heavily polluted rivers in Europe ( , , page 25). Pollution
of surface waters and groundwater caused by the high intensity of water use,
discharge of insufficiently treated domestic and industrial wastes and excessive
application of fertilizers and pesticides in agriculture represent serious problems
in the basin. Nutrient pollution is one of the most widespread forms of water
pollution in the region. Even though emissions from point sources have notably
decreased in the basin since the 1990s due to reduction of industrial sources
and introduction of new and improved sewage treatment facilities (visible in the

orthophosphate concentrations), the diffuse sources of pollution still represented
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1.3 The Elbe river basin

mainly by agriculture, are still not sufficiently controlled (visible in the nitrate
concentrations). Nitrate concentrations in the main Elbe tributaries remain high,
partly due to the long retention time of nutrients in the subsurface. Figure 1.14
illustrates the development of phosphate and nitrate concentrations in the Elbe
river at gauge Schmilka (south of the German part of the Elbe basin) and gauge
Zollenspieker (outlet of the basin).
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Figure 1.14. Comparison of the average annual concentrations of major nutrients
(nitrate N and orthophosphate P) in the Elbe, gauges Zollenspieker and Schmilka
from 1981 to 1999 (data source: ARGE Elbe ( , ), see also

Y )'

This is why the third paper (Chapter 4, , ) deals with
retention processes in the Nuthe subbasin of the Havel river, one of the Elbe
largest tributaries, where the nutrient pollution was very high in the 1980s and

dropped during the 1990s to a much lower level (see Table 4.1).
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Runoff simulations on the macroscale with the eco-hydrological model
SWIM in the Elbe catchment - validation and uncertainty analysis

Abstract This study presents an example where the hydrological processes
of the eco-hydrological model SWIM (Soil and Water Integrated Model) are thor-
oughly analyzed. The model integrates hydrology, vegetation, erosion and nutri-
ent dynamics. It is process based and has to be calibrated. The hydrological vali-
dation of the model is of prime importance, because all other ecological processes
are related to the water cycle. On the other hand, these ecological processes
influence the water cycle in turn, and therefore they where considered in the
modeling process and in the sensitivity and uncertainty analysis. The validation
was multi-scale, multi-site and multi-criteria: the validation strategy followed a
bottom-up approach in which the model was firstly calibrated for 12 mesoscale
subbasins, covering the main subregions of the German part of the Elbe basin,
and the information gained from the mesoscale was then used to validate the
model for the entire macroscale basin. Special attention was paid to the use of
spatial information (maps of water table) to validate the model in addition to
commonly used observations of water discharge at the basin outlet. One main re-
sult was that investigations in smaller catchments have to accompany macroscale
model applications in order to understand the dominant hydrological processes
in the different areas of the entire basin and at different scales.

The validation was carried out in the German part of the Elbe river basin
(~80,258 km?). Tt is representative of semi-humid landscapes in Central Europe,
where water availability during the summer season is a limiting factor for plant

growth and crop yield.

2.1 Introduction

Models have become a common tool to understand the hydrological processes in
river basins and the impacts of human activities on them. It is commonly agreed
that a comprehensive model validation has to be the fundamental first step when
applying a model ( , ; , ;

, : , : , ). In particular, prediction of
the impacts of land use and climate changes on regional hydrological processes
and flow regimes at present requires an understanding of the response of these
factors to climate variability in the past ( : ). ( )

concluded that hydrological models for prediction should fulfill two basic require-
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ments: the first is that the model structure must have a sound physical founda-
tion and each of the structural components should permit a separate validation,
and the second is that the model must be geographically transferable, and its
parameters be capable of being derived from observations of real-world charac-
teristics. ( ) describe the different validation requirements
for lumped conceptual and distributed physically-based models, placing empha-
sis on the importance of multi-criteria and multi-scale validation methods for the
latter model type. But modeling at the meso- (100-10,000 km?) to macroscale (>
10,000 km?, , ) implies various uncertainties (

, ; , ). One reason is that process-based mod-
els (the model type normally used on the macroscale) combine physically-based
mathematical descriptions and conceptual formulations. Another source of uncer-
tainty is that the available data normally have a rough resolution in time (climate
data, groundwater data) and space (maps of soils and land use data) and have to
be interpolated to cover the entire region. The level of uncertainty often increases
if the model integrates processes of hydrology, agriculture, and geomorphology,
where different data sampling protocols may apply. But modeling of physically
related processes integrated in one model (e.g. plant growth and changes in soil
moisture), also allows to reduce uncertainty, if there are observations to validate
both processes separately, because a certain parameter combination, physically
possible to describe one process, might result in unreliable results for another.
This additional information can serve as a criteria to reduce the parameter space
and the uncertainty in the model results. An important issue is therefore the de-
termination of the model sensitivity to the input data and model parameters and
the quantification of uncertainty in the simulation of the hydrological processes
in order to assess the reliability and robustness of the model results ( ,

; , ). A comprehensive validation will help to reduce the un-
certainty of the model results and improve the reliability of the outcome. In our
case study a multi-scale, multi-site and multi-criteria validation was performed,

namely:

e Model applications in meso- to macroscale subbasins of the basin and in
the entire basin to analyze the scale dependency of the model performance

(multi-scale validation).

e Investigations in several catchments, located in different subregions, to un-
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derstand the overall pattern of the hydrological processes (multi-site vali-
dation), in this study the mountainous subregion, the loess area and the

lowland.

e Multi-criteria validation, e.g. using a combination of point data like water
discharge at the basin outlet (as an integral characteristic for the whole
basin), and spatially distributed data, like contour maps of the water table,
to improve the reliability of results, e.g. of the simulated flow components
( , 1993; , 1996; , 2001).

The use of spatially distributed data at the macroscale to validate simulated hy-
drological processes is still at an early stage. Validation is usually carried out
on the basis of a single-criteria approach which uses exclusively observed river
discharge of the main outlet for comparison ( , ), or in-
cludes in addition observed river discharge in a number of subbasins (

, : , : , ). In some
special applications such as combined hydrological / climatological models, mea-
sured soil water saturation is taken as an additional characteristic to evaluate the
model results ( , ), but such data are normally sparse and not
available for an entire region. A new source to validate hydrological processes is
remote sensing data, which can be used, e.g., to evaluate the spatial distribution
of simulated evapotranspiration ( , ). However, the use
of remote sensing data in hydrological modeling still involves a lot of uncertainty;,
because while the data have a better spatial resolution, their absolute values are
often imprecise (precipitation, soil water content). ( ) and

( ) used groundwater observations as a second criteria to validate
hydrological processes; the former authors coupled the groundwater model MOD-
FLOW and the eco-hydrological model SWAT to simulate the water resources of
a mesoscale basin, and the latter used observed groundwater discharge at the
river basin outlet in addition to river flow to estimate base flow and groundwater
discharge on a monthly time step in the upper Mississippi river basin. Both are
promising applications with the constraint that groundwater models like MOD-
FLOW are not applicable on the meso- to macroscale due to the extensive data
demands and computation time of the groundwater model, and because ground-
water data observed at the basin outlet as used in the second example normally

include only limited information about local hydrological dynamics in the basin.
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This study focuses on validation of the hydrological module of the eco -
hydrological model SWIM (Soil and Water Integrated Model, ,
). SWIM was developed on the basis of two previously developed mod-

els, SWAT ( , , ) and MATSALU ( ,
: , ). It was chosen because it combines all major eco-
hydrological processes at the meso- to macroscale which are important for land
use and climate change impact studies, like hydrology, vegetation, erosion and
nutrient dynamics. The approach allows simulation of all interrelated processes

within a single model framework using regionally available data. In contrast to

meso- and macroscale hydrological models like HBV ( , ), SLURP
( , 1099), ISBA ( , ), MIKE SHE (
, ) and INCA ( , ), SWIM is not limited to

hydrology or water quality issues, but also dynamically calculates plant growth
and takes into account agricultural management practices. The AGNPS model
( , ) has a similar process-integrating approach and the same roots
as SWIM (the CREAMS model, , ), but it was designed for
mesoscale applications and investigation of single events. The main difference
between the macroscale hydrological model SWAT and SWIM is that the former
focuses mainly on water quality in rural areas, while SWIM was specifically de-
veloped to provide a comprehensive tool to investigate the impacts of land use
and climate changes at the regional scale ( , ). Neverthe-
less, the hydrological module of SWIM is very similar to that of SWAT, and the
validation results described in this paper are to a large extent applicable also to
SWAT.

The model structure, the main hydrological algorithms and the spatial ag-
gregation scheme are presented in Chapter 2.2.1. Chapter 2.2.2 describes the
main geohydrological features of the German part of the Elbe basin, where the
validation was conducted. A description of the preprocessing and evaluation of
climate input data is given in Chapter 2.2.3. Modelling procedures are described
in Chapter 2.2.4, and Chapter 2.3.1 presents the model results for 12 subbasins of
the Elbe with an area of 280 to 23,690 km? from different subregions of the basin
and for the whole basin (80,258 km?). The model results in Chapter 2.3.2 demon-
strate how basin-integral characteristics like water discharge in rivers can be used

in combination with maps of the groundwater table as spatial information to cal-
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ibrate and validate the model. The robustness of the model results is tested by a
comprehensive sensitivity and uncertainty analysis (Chapter 2.4), where the mod-
eling experience gained in Chapter 2.3 is used to define the subregion-dependent

parameter distributions.

2.2 Method and data

2.2.1 The model

A brief description of the main processes in SWIM, which are related to the
hydrological processes, is given in this section. The main equations and model
calibration options are also provided here so that the reader can follow the sen-
sitivity and uncertainty analysis and the discussion of the results later in the
paper. A full description of the model can be found in ( ,
). The calibration parameters discussed in this study are physically based

and reflect the regional characteristics of the catchments studied, although it is
usually difficult to measure these in a large basin. The model is conventually cal-
ibrated using four main global parameters to correct river flow routing, saturated
soil conductivity, base flow and solar net radiation in a physically meaningful
range. Daily precipitation is corrected using the empirical method developed by
( ), where the systematic error in observed precipitation is adjusted by

monthly changing weighting factors. Precipitation is not subject to calibration.

A three-level scheme of spatial disaggregation from basin to subbasin and
to hydrotopes is used in SWIM. A hydrotope is a set of elementary units in a
subbasin, which have the same geographical features like land use, soil type, and
average water table dynamics, and are therefore uniform in their hydrological
behavior. Water fluxes, plant growth and nitrogen dynamics are calculated for
every hydrotope, where vertically up to 10 soil layers can be considered. The
outputs from the hydrotopes are aggregated at the subbasin scale and routed

from subbasin to subbasin, taking into account transmission losses.

The ( ) method is used estimate the potential evap-

otranspiration Ep [mm d~'], where only net solar radiation R, [MJ m™2] and
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air temperature are needed as inputs at time step ¢:

Ep =128 (i;‘:) : (%) (2.1)

The latent heat of vaporization H [MJ kg~'] is calculated as a function of

the mean daily air temperature, J is the slope of the saturated vapor pressure
[kPa C~'] and v the psychrometer constant [kPa C~']. Soil evaporation and
plant transpiration are calculated using the approach of ( ), where
they are functions of the dynamic leaf area index LAI Radiation is only mea-
sured in a few stations and in others not measured directly but calculated using
regression methods (using e.g. daily sunshine in hours as input). The uncer-
tainty in the reconstruction of radiation is the reason why radiation is corrected
in a physically sound moderate range in the modeling process ( ,

). The sensitivity of model results to the incoming solar radiation is shown
in the sensitivity analysis. The snowmelt component of SWIM is a simple degree-

day equation ( : ).

Surface runoff is calculated using a modification of the Soil Conservation Ser-
vice (SCS) curve number technique ( : ; : ), where daily
surface runoff @ [mm d~'] at time step ¢ is estimated from daily precipitation
P [mm d~'] taking into account a dynamic retention coefficient Sx by using the

SCS curve number equation:

(P, —0.2-Sx)?
P, +0.8- Sy

Qr = P>02-Sy, (2.2)

Q=0 P <028, (2.3)

The retention coefficient Sy [mm] varies spatially depending on different soils,
land use and slope, and in time because of changing water content. Sy is related

to the curve number Cy by the SCS equation:

100
=254 ( 5 —1 2.4
Sx =25 (CN ) (2.4)

The parameter Cy is defined for three moisture conditions from dry to wet, and
can be calculated or used as a tuning parameter. In the sensitivity analysis the

correlation of the model results to changing values of Cy is shown.
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Water, which has infiltrated into the soil, percolates through the soil layers

using a storage routing technique ( , ), where W, and Wy, are

the water contents of the soil layer at the beginning and end of the day ¢ in mm
respectively, and P.,. is the amount of percolated water per day from the layer
in mm:

—At
Perct - WS,5+1 - WS} - WSt |:l — exp (T—T>:| (25)

Tr is the travel time through each layer [h] and is calculated with the linear

storage equation
Ws — F, Ws — F,
Tr = [S((@)C =< (2.6)
(1)

U

where K (0) is the hydraulic conductivity [mm h™!], Kg [mm h~'] is the saturated
conductivity (calculated with a pedotransfer function using the texture classes
of each soil layer), Uy, denotes the soil water content at saturation [mm mm™1],
where f§ is a shape parameter, and F¢ is the tabulated field capacity water content
of the layer in mm. The soil parameters, as provided by the regional authorities for
the so-called 'leading profile’, are normally imprecise and sometimes incorrect or
have to be calculated using pedotransfer functions (e.g. saturated conductivity),
so that it is often necessary to calibrate the value of saturated conductivity Kg
by multiplying it using a correction factor (sccor, with 0 < sccor < 10, 1 for no
change). Lateral subsurface flow or interflow is calculated simultaneously with
percolation using a cinematic storage model developed by ( ).
Interflow occurs in a given soil layer if the soil layer below is saturated, so that the

amount of base flow increases with increasing values of saturated soil conductivity.

The equations for groundwater flow and groundwater table depth were derived
from ( ), assuming that the variation in return flow ¢

[mm d~'] at time step ¢ is linearly related to the rate of change in water table
height h [m]:

G = G- € + Repy - (1 — e 02Y) (2.7)
—a Reng —a-

he = hyq - el@d) o 27at (1 p(maAt) 2.8

LT e Tossa 7€ ) (28)

Here Rc is the groundwater recharge [mm| per day and S is the specific yield

[m3 m™3]. The reaction factor « is a function of the hydraulic transmissivity 7T
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[m? d~'] and the slope length L [m]:

10-T

- 513 (2.9)

«

At the macroscale, the basic geo-hydrological input data (transmissivity, specific

yield) are usually not available, and therefore the value of a has to be calibrated.

The flow routing from subbasin to subbasin is calculated using the Muskingum

flow routing method ( , ), where a continuity equation is assumed:

d (Sr)
dt

= Qi, — Qo, (2.10)

Here S is the water volume [m?] within a certain reach, Q;, [m® s7!] is the inflow
rate into the reach and Qq, [m® s71] is the outflow rate at time ¢. The idea of the

Muskingum method is to derive a variable discharge storage equation:
Sp, = Kr - [X - Qi + (1 = X - Qo,)] (2.11)

where X is a dimensionless weighting factor in river reach routing. The storage
time constant Ky is estimated using the reach length and the wave celerity. In
SWIM, K is multiplied by a correction factor rcor (1 < rcor < 40) to tune the
model, where the ratio of storage to discharge increases with increasing routing

factors.

The sensitivity of the model results to the four main tuning parameters used
to adjust the hydrological processes in SWIM by correcting global radiation
(Equation 2.1), soil percolation (Equation 2.6), groundwater height and discharge
(Equations 2.7 & 2.8) and flow routing (Equation 2.11) is described in Chapter
2.4.1. While soil percolation, groundwater height and discharge are adjusted by
simply multiplying them with global correction factors, SWIM uses a different
concept to correct net radiation. Total net radiation is adjusted by changing
the most uncertain part of the net radiation Ra, which is the long wave emission.
Since long wave emission is negative in the radiation term and is directly adjusted
by the correction factor (rad), total net radiation will decrease with increasing
values of rad (with -0.3 < rad < 0.3).
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2.2.2 The basin under study

The total Elbe basin has an area of 148,268 km?2. The German part of the Elbe,
where the model was applied, covers 80,256 km? from the Czech border to Neu
Darchau, the lowest gauge station not influenced by the tide of the North Sea
(see Figure 2.1). The total length of the Elbe river is 1092 km, 728 km of that
is in Germany. The Elbe and its estuaries are regulated by 273 dams for flood
protection and freshwater supply. As a result of river management measures
like river regulation, flood protection and land drainage, the eastern tributaries
have lost their natural flow regime (flooding in winter and early spring and low
water levels in summer and autumn). Despite flood protection measures, several
extreme floods occur during the last decades in the region, culminating in the
disastrous August 2002 flood in the Elbe basin. The flood was caused by a
low pressure system called Vb ("five b”), a circulation pattern that is known to
produce heavy and intensive rainfall, in special in Central Europe (
| 2003).

Climatically, the Elbe basin is one of the driest regions in Germany, with mean
annual precipitation below 600 mm in the lee of the Harz mountains (western part
of the basin). The long-term mean annual precipitation over the whole basin is

1 with an

659 mm, and the long-term mean discharge at the estuary is 877 m? s~
average inflow from the Czech Republic of 315 m® s™! ( : ).

Over the last two decades, decreasing water levels in rivers and groundwater
have been observed in the lowland parts of the basin. Groundwater recharge, es-
pecially, is extremely sensitive to changing boundary conditions like climate and
land use changes, since it represents the residual of the water balance (

, ). Decreasing precipitation and higher variability (climate im-
pacts) on the one hand, and river canalization and land melioration (land use
impacts) on the other, may be some of the reasons for water depletion, mak-
ing the development of comprehensive strategies and tools to investigate such
complex problems increasingly important.

Hydrologically, the area can be subdivided into three main subregions: (1)
the mountainous area in the south, approximately 20 % of the total area, (2)
the hilly mountain foreland, predominantly covered by loess soils, and (3) the
undulating northern lowlands, approximately 52 % of the total area (see Figure
2.2).
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Figure 2.1. The river network of the German part of the Elbe basin, the locations
of the gauge stations, where comparisons with the observed river discharge were
conducted, and the climate stations.

The northern lowlands are formed by mostly sandy glacial sediments and
drained by slowly flowing streams with broad river valleys. The higher sites
with deeper water table are covered by sandy, highly permeable soils and pre-
dominantly pine forests, the valleys often have loamy soils with very shallow
groundwater. Valleys are covered by grassland and forests in areas with shallow

groundwater, and arable land elsewhere.

The soils in the loess region, chernozems and luvisols, are mostly loamy and
tend to have layers with low water permeability, so that in areas with higher
slopes floods are generated, namely in the Saale and the Mulde tributaries. The
sediments normally have high field capacities and nutrient supply, and therefore

the loess subregion is an area with very intensive agricultural land use.

The soils in the mountains, mainly thin cambisols, are formed by weathering
products and redeposited rocky materials. The mountainous areas are often

covered by forests and grassland.
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Figure 2.2. The German part of the Elbe river basin.

2.2.3 Input data and data pre-processing
Spatial data

All spatial information (the digital elevation model (DEM), the soil, land use and
water table contour maps) were stored on a grid format with 250 m resolution.
Subbasin boundaries were provided by the German Federal Environmental Office
(UBA) and partly subdivided, using the DEM and the geoinformation system
GRASS. The whole Elbe basin was subdivided into 226 subbasins. In addition,
12 mesoscale catchments of the Elbe river basin were selected and modeled sep-
arately to get a better understanding of the hydrological behavior of the main
subregions of the whole basin. They were disaggregated into 20 - 120 subbasins,
depending on their total area. Figure 2.1 shows their location in the basin, and
Table 2.1 specifies their statistics like the size and the ratio of the main land use
classes.

The land use map was created using the European CORINE land cover map
(Dollinger and Strobl, 1996). The original 44 land use classes were reclassified
into 15 classes (I<rysanova et al., 2000). Of the area modeled, 6.4 % is covered by
human settlements and industry, 59.8 % by farmland (52 % cropland and the rest
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grassland), 28.7 % by forest (coniferous forests 21.9 %), 4.4 % is open water and

wetlands (mainly in the north) and 0.6 % is bare soil (coal mines) and heathland.

Table 2.1. The area and land cover of the subbasins in the Elbe catchment where
nested investigations were performed.

catchment gauge station  settlement arable grassland forest others area
%] [%] (%] [%] (%] [km?]
Spree Bautzen 9 54 1 33 3 280
Locknitz Gadow 2 65 14 19 1 447
Stepenitz Wolfshagen 3 77 7 12 2 574
Upper Saale  Blankenstein 6 48 13 28 5 1013
Weifle Elster  Greiz 8 55 2 32 3 1236
Jeetze Luechow 2 62 12 22 2 1347
Nuthe Babelsberg 5 43 13 36 3 1993
Mulde Wechselburg 13 47 2 34 4 2091
Bode Hadmersleben 5 60 5 27 2 2689
Unstrut Oldisleben 1 69 3 20 7 4174
Saale Laucha 5 65 3 24 3 6220
Saale Calbe-Griz. 4 46 4 42 5 23687
Elbe Neu-Darchau 6 52 8 29 5 80258

Soil information was taken from the soil map of the Federal Republic of Ger-
many (scale 1:1,000,000). The map distinguishes between 72 different soil types.
Each soil type has a so called 'leading profile’ with up to 8 different layers. To-
gether with the soil map, physical parameters for each layer, like texture classes,
porosity, bulk density, humus and organic nitrogen content are provided. Satu-
rated conductivity was estimated for each soil layer using pedotransfer functions.
The DEM is a composite of elevation maps with different scales and was resam-
pled to a spatial resolution of 250 m to be compatible with the other spatial
information.

In simulations of the whole Elbe basin, the observed flow from the Czech
Republic was added to that one calculated by SWIM and then routed through

the subbasins to the outlet of the river basin.

Climate data preprocessing

Located in and around the Elbe basin are about 90 stations where climate infor-
mation is measured, and approximately 400 additional rain gauge stations. The

time series from 1961 to 1996 were selected and evaluated. The spatial density
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of climate stations in the Elbe basin is relatively low in some areas (see Figure
2.1), and therefore a special investigation was made to select a satisfactory in-
terpolation algorithm. Climate information represents the main forcing data of
the model, and investigation of spatial hydrological processes makes sense only

if the spatial distribution of the climate data input has a sufficient precision

( , 1998).

Table 2.2. The ( ) efficiencies of the cross validation of the

interpolated climate input data.

interpolation method T average radiation precipitation
Thiessen polygons -0.214 -0.046 -0.006
inverse distance 0.241 0.302 0.303
ordinary kriging 0.238 0.399 0.355
external drift kriging 0.715 0.384 0.305

Four interpolation methods were compared: Thiessen Polygons (TP), Inverse
Distance (ID), Ordinary Kriging (OK) and External Drift Kriging (EDK) (
, ). The advantage of kriging techniques is that the spatial
autocorrelation of the data is used to interpolate them ( ,
), and the advantage of the EDK method is that it is possible to take into
account additional data, like the elevation (DEM). The spatial autocorrelation
functions v (called semivariograms) have to be calculated beforehand. They are

estimated using experimental semivariograms ~*:

V= sy X (2= Zw)’ (212

u;—uj=h

where h is the search distance [m], and Z(u;) and Z(u;) are two observations
from points u; and u; (in our case climate stations) with the distance h. N(h) is
the number of pairs [Z(w;), Z(u;)].

A cross validation was then applied to select the method with the best re-
sults, where the ( ) efficiency (see Equation 2.14) was the
criterion to estimate the quality of the interpolation technique. Table 2.2 lists

the climate variable, the interpolation method and results of the cross validation.
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It can be seen that the TP method, the standard method used in SWIM and
SWAT before, always gives the worst results. In this study the EDK technique
was used to interpolate temperature (with the DEM as additional information),

and the OK method was used to interpolate radiation and precipitation.

2.2.4 Modelling strategy

First, the model was applied separately to 12 subbasins of the Elbe located in
different regions (catchment area from 280 to 23,690 km?, see Figure 2.1). The
hydrological processes were calibrated on a daily time step using the observed
river discharge for comparison. A rough non-generic automatic calibration was
performed using a Monte Carlo method combined with the Latin Hypercube
method ( , ) in order to make sure that all physically meaningful
parameter combinations are considered in the modeling procedure. Afterwards,
fine-tuning of the model was done by hand. The best 20 results of the automatic
calibration for each subregion (mountains, loess area, lowlands) of the Elbe were
taken and statistically evaluated applying a cluster analyzes, where the parameter
sets of the simulation results were used as independent values to classify them, in
order to investigate how typical the parameter sets are for the subregions of the
Elbe basin. Besides the initial storage values and the radiation correction factor,
the following three parameters were used to calibrate the hydrological processes
in the model: the parameter rcor to tune river flow routing, the parameter sccor
to calibrate the saturated soil conductivity and the groundwater reaction factor
a to adjust the base flow. The simulated river discharge was compared with the
measured discharge for an eight year period. Statistical evaluation of the results
was done by analyzing the long-term difference of the observed river discharge
Qobs against the simulated one @y, in percent (the relative difference in discharge

or discharge balance):

Qaim = Qobs

- 100 2.13
Qobs ( )

discharge balance =
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and calculating the efficiency criteria of ( ) for Qgim against

Qops ON a daily time step ¢:

Zt (Qsimt - C)obst)2
Zt (Qobst - Q_Obst)Q

ef ficiency =1 — (2.14)
The efficiency can vary from minus infinity to 1.

The spatial behavior of the hydrological processes was analyzed using contour
maps of the water table and observed time series of groundwater levels. The long-
term mean water table in three lowland basins (the Stepenitz basin with an area
of 574 km?, the Locknitz basin with 447 km?, and the Nuthe basin with 1993 km?)
was simulated and calibrated.

Based on the calibration results, the hydrology of three selected subbasins and
the entire Elbe basin was validated: one subbasin in the lowlands (the Locknitz
basin, gauge station Gadow), one in the loess area (the Mulde basin, gauge station
Wechselburg), and one from the mountains (the Upper Saale basin, gauge station
Blankenstein). The same three subbasins were used, together with the entire Elbe
basin, in parallel in the sensitivity and uncertainty study. The results from the
mesoscale catchments were analyzed. Some general patterns were apparent when
comparing the values of the calibration factors in the catchments of the main

subregions.

Table 2.3. Ranking of the sensitivity of the main calibration parameters to the model
results 'discharge balance’ and ’efficiency’ for the geographic regions in the German
Elbe basin.

Discharge balance Efficiency
Blankenstein ~Wechselburg Gadow Blankenstein ~ Wechselburg Gadow
(mountains) (loess) (lowlands) | (mountains) (loess) (lowlands)
rad 1 1 1 3 3 3
rcor 4 4 4 1 2 2
sccor 2 2 2 2 1 1
o) 3 3 3 4 4 4

It was possible to divide the parameter sets into three main clusters: one set
for the lowlands, one for the loess area, and one for the mountains. Based on
the information gained from the mesoscale catchments, the parameter sets were

taken and used to validate the hydrological processes over the whole Elbe basin.
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In parallel, a sensitivity and uncertainty analysis was performed, so that the
robustness of the simulated hydrological results could be estimated (see Chapter
2.4).

2.3 Results and discussion

2.3.1 Calibration using river discharge dynamics

The quality of the model results (simulated water balance and river discharge)
is comparable with the results of recently published macroscale applications of
other models ( , : , :

, ). Figures 2.3 to 2.5 show plots with simulation results of river
discharge. The first one is an example from the mountains, the second is a basin
in the loess region, and the third from the lowlands. The plots demonstrate a

comparison of observed against simulated daily and monthly river discharge.
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Figure 2.3. River discharge at the gauge station Blankenstein (river Saale, 1,013 km?,
mountains). Upper plot: simulated against observed daily river discharge (1982-
84), lower plot: comparison of the monthly discharge (1981-88) in accumulated
mean daily runoff (m? s!) per month.
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Figure 2.4. River discharge at the gauge station Wechselburg (river Mulde, 2,091 km?,
loess area). Upper plot: simulated against observed daily river discharge (1982-83),
lower plot: comparison of the monthly discharge (1981-88) in accumulated mean
daily runoff (m? s!) per month.
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Figure 2.5. River discharge at the gauge station Wolfshagen (river Stepenitz, 574 km?,
lowlands). Upper plot: simulated against observed daily river discharge (1982-83),
lower plot: comparison of the monthly discharge (1981-88) in accumulated mean
daily runoff (m?3 s'!) per month.

Simulation results are mostly satisfactory. The largest differences occur in
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Figure 2.6. The values for saturated soil conductivity correction (sccor) and river
routing correction (rcor) of the best 20 simulations for the subregions in the Elbe
basin.

the Stepenitz basin (lowland), and the best fit is achieved in the mountain sub-
basin, where the relief intensity is high and it is therefore easier to reproduce
the hydrological processes. The results of the other mesoscale subbasins confirm
the gradient in the results from mountainous to lowland catchments. The most
sensitive model parameters were the factor sccor to correct the saturated soil
conductivity, the factor rad to correct radiation and the factor rcor to correct
river routing (see also the sensitivity study in Chapter 2.4.1 and the ranking of
the calibration parameter sensitivity in Table 2.3). Table 2.4 summarizes the
results for the total calibration period 1981-88.

Some main patterns were obvious. The first is that the results (efficiency and
discharge balance) are scale-independent, they are in the same range for smaller
catchments as they are for the larger ones. The next is that the values of the
main correction factors were typical for the landscape of the specific subbasins
(see Figure 2.6). When applying the cluster analysis on the best 60 results of the
automatic calibration (see Chapter 2.2.4), it is possible to divide the parameter
sets into one cluster for the mountains, one for the loess area, and one for the
lowlands: The routing correction factor rcor tends to have lower values for the
lowland subbasins (Locknitz, Stepenitz and Nuthe) than for the mountain catch-
ments (upper Saale, Weifle Elster). The catchments with mainly loess soils (Bode
and Unstrut) have high rcor and very high sccor values. It is obvious that the

parameters given in the soil database underestimate the saturated conductivity of
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loess sediments. The reason might be that the saturated conductivity of the soil
sediments is measured in laboratories. Structures in soil profiles like cracks and
macropores, responsible for fast preferential flow, are therefore underestimated
without calibration. The factor « to correct the groundwater reaction time was
rather insensitive to river discharge and mostly has the same value. In lowland
catchments, it was determined using the knowledge gained during the investiga-
tion of groundwater dynamics (see Chapter 2.3.2). The calibrated parameters
of the entire Elbe basin are very similar to the ones of the lowland catchments.
The lowlands cover the largest part of the Elbe basin, and apparently have a

prevailing influence on river discharge in the basin.

Table 2.4. The (
river discharge and the discharge balance for an eight year period (1981-88, *1981-

) efficiencies of observed against simulated

86). The catchments are sorted by their area.

river gauge station topography area | efficiency efficiency discharge
[km?] daily monthly  balance

Spree Bauzen mountains,/ 280 0.71 0.71 1
loess

Locknitz Gadow™ lowlands 447 0.74 0.82 -1

Stepenitz Wolfshagen lowlands 574 0.72 0.86 -1

Upper Saale  Blankenstein™® mountains 1013 0.79 0.85 0

Weifle Elster  Greiz mountains 1236 0.75 0.82 2

Jeetze Luechow lowlands 1347 0.65 0.72 1

Nuthe Babelsberg lowlands 1993 0.61 0.66 0

Mulde Wechselburg* mountains/ | 2091 0.75 0.87 2
loess

Bode Hadmersleben mountains,/ 2689 0.72 0.81 -1
loess

Unstrut Oldisleben mountains/ 4174 0.76 0.85 0
loess

Saale Laucha mountains/ | 6220 0.7 0.82 -2
loess

Saale Calbe - Grizehne | integrates 23687 0.76 0.87 -1
all

Elbe Neu-Darchau* integrates 80258 0.89 0.94 -1
all
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2.3.2 Spatial validation using water table dynamics

Another option to validate the hydrological processes, especially in the lowland
river basins, was to use contour maps of the water table and time series of observed
monthly groundwater levels (Hattermann et al.; 2002). First, the simulated mean
annual water table depth of all subbasins in the Stepenitz catchment, the Nuthe
catchment and the Locknitz catchment was calibrated using the groundwater
reaction factor a (see Equation 2.8). The mean square error of the long-term
mean observed against the mean simulated water table depth in all subbasins
was 0.08 m?. The parameter a of the subbasins had values between 0.1 (loamy
sediments) and 0.3 (sandy sediments), and this additional information was used
to estimate the reaction factors for the total basin. The lowland subbasins with
mainly sandy soils received a retention value of 0.25, the subbasins mainly covered

by loess a retention value of 0.1.
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Figure 2.7. The simulated water table, simulated groundwater recharge and simulated
evapotranspiration of one subbasin in the Stepenitz river catchment. The observed
water table data are from a well located in the subbasin (Wendisch Pribor).

After calibrating the mean water table, the simulated daily water table was
compared with the observed monthly time series, without further calibration.
Figure 2.7 shows the comparison of the observed water table against the simulated
one from a subbasin in the Stepenitz river. The simulated daily water table shows
a good fit with the observed monthly values, when considering the amplitude

of the curves and the fluctuations. Also shown is the simulated groundwater
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recharge and the simulated evapotranspiration during the period. The simulated
water table and the recharge have nearly the same dynamics, but the water table
curve is smoothed because the water percolates with some delay from the last
soil layer into the aquifer. During the winter season, the groundwater balance
(recharge - discharge) is positive and the levels increase fast, while during the
spring and summer the increasing evapotranspiration is the reason for a negative

balance and a relatively smoothed recession curve of groundwater.

2.3.3 Validation for meso- and macroscale catchments

The validation was carried out in three subcatchments of the Elbe (the upper
Saale, the Locknitz, and the Mulde basins) and for the total Elbe basin with a
daily time step, over a six year period (1987 - 1992). Table 2.5 summarizes the

results.
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Figure 2.8. The river discharge of the total Elbe basin at Neu Darchau (1981-92). The
first part (1981-86) is the calibration period and the second (1987-92) the validation
period

Table 2.5. The efficiency criteria for the observed and simulated river discharge of
the validation period (1987-92).

river gauge station | topography efficiency efficiency discharge
daily monthly balance
Saale Blankenstein | mountains 0.81 0.86 4.2
Mulde Wechselburg | mountains / loess 0.76 0.83 -6.1
Locknitz  Gadow lowlands 0.72 0.81 6.6
Elbe Neu-Darchau | integrates all 0.92 0.94 4.0
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The results are between 0.72 and 0.92 for the daily efficiency and 0.81 and
0.94 for the monthly efficiency. Except for the lowland catchment, the discharge
balance is positive in all simulations. The highest difference is that for the whole
basin with a value of 4.0 %. Occasionally, the validation period has a mean
precipitation below average, so that the average river discharge during the cal-
ibration period (1981-86) is 728 m? s! against 638 m? s™! during the validation
period (1987-92). Figure 2.8 presents the comparison of observed and simulated
discharge at the outlet of the total Elbe basin, the first six years (1981-86) rep-
resent the calibration period, and the next six the validation period (1987-92).

2.4 Sensitivity and uncertainty analysis

In order to get a better understanding of the model behavior and to evaluate the
simulated results, the sensitivity of the main input and calibration parameters
to model results was tested and an uncertainty analysis performed in parallel
to the model validation. Three subbasins of the Elbe, the rivers Upper Saale
(mountains, 1013 km?), Mulde (mountains / loess area, 2091 km?), Locknitz
(lowlands, 447 km?), and the total Elbe basin were selected to investigate the
sensitivity and uncertainty. The subbasins were chosen because they cover the
main subregions of the Elbe basin. The intention of the analysis is to investigate
how robust or reliable the results of the hydrological validation are. One objective
is to illustrate the sensitivity of the model results to changes in the basic input
parameters. Another is to investigate the uncertainty of the model results when
applying the model to catchments without observed data in different regions of
the Elbe river basin or under similar conditions elsewhere.

The choice of the parameters is specified above in the model description
(Chapter 2.2.1), where

e some of the parameters are calibration factors (sccor for saturated soil
conductivity, rcor for river routing, rad for radiation, a for groundwater
return flow and water table depth). The calibration factors were sampled
randomly, within their physically meaningful limits, whereby the parameter
limits are site-specific and set based on information gained during the nested
model validation (Chapter 2.3).

e some other parameters were chosen to understand the sensitivity of the
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model to input data, as provided by the local authorities (slope to analyze
the influence of the topography), or as taken from tables (be and cnum
to analyze the influence of the biomass energy ratio and the SCS curve

number).

The parameters be, rad, slope, and cnum were sampled from a normal distribution
with a mean of one, and the values were multiplied by the input data of the
biomass energy ratio, radiation, slope and SCS curve number, in order to assess
the sensitivity of the model results to higher or lower input parameters.

Three hundred parameter sets were generated for each of the four basins
using the Latin Hypercube method in order to restrict the number of simulations
( , ). Each parameter set was the input for a four-year simulation
run. Two model results were taken into account: the discharge balance and the
efficiency criteria after ( ) of daily simulated against daily
observed discharge (Equation 2.13 and 2.14).

2.4.1 Sensitivity analysis

The sensitivity of model results to the parameters was estimated using the Par-
tial Correlation Coefficients (PCC) of the rank transformed data (the simulation
results, , ). For a sequence of observations, the correlation Cor
between the specific input variable Xj (model parameter) and the model output

Y (discharge balance and the efficiency) is defined by

Yt (X — Xj) (Yi—Y) (2.15)

e - x)7 e -]

CO’f‘ij =

with
Y=Y Yi/m, X; =) X;/m, i=1..m. (2.16)

The correlation coefficient provides a measure of linear relationship between Xj
and the model output Y.

Figure 2.9 shows the results of the sensitivity analysis. The upper plot il-
lustrates the correlation of the randomly sampled parameters with the discharge
balance, the lower one with the efficiency. In all cases, radiation has the highest

correlation with the discharge balance, followed by the saturated soil conductiv-
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ity, while the other parameters have nearly no influence. The result confirms the
well-known fact that a correct reproduction of evapotranspiration dominates the

quality of the simulated water balance.
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Figure 2.9. The correlation of the model results to the model parameters and input
data, based on 300 Monte Carlo simulations, using the Latin Hypercube method
(top: sensitivity to water balance, bottom: sensitivity to efficiency).

The correlation of the parameters to the model result ’efficiency’ is not so
uniform for the different subbasins. The influence of the routing parameter rcor
is very high for the total basin and the mountainous catchment, relatively high for
the lowland basin and relatively low for the catchment from the loess area. This
is important, because the efficiency is a criteria to analyze whether the model
is able to reproduce the water fluxes dynamically (e.g. the flow regime and
generation of floods). Apparently, routing is the most important process in areas
with high relief intensity (mountains), whereas in loess basins, having soils with

high water holding capacity, also the correct simulation of evapotranspiration has
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a relatively high influence on the quality of the dynamic model results. Moreover,
the sensitivity of the parameters for the loess area is often in direct opposition
to the sensitivity of the other catchments to these parameters (see results of the
uncertainty analysis). Striking is the low sensitivity of the model to changes
in the parameter for biomass allocation (be), because the leaf area index is a

function of above ground biomass in SWIM and related to plant transpiration.

2.4.2 Uncertainty analysis

The uncertainty was investigated using histograms of the two criteria efficiency
and discharge balance, based on the 300 simulations for every basin as described
in Chapter 2.4.1.

Table 2.6. Statistical results of the uncertainty analysis.

Discharge
balance
mean median 90th 75th 25th 10th min. max.
percent. percent. percent. percent.
Mountains 0.4 0.1 6.7 4.1 -2.7 -5.5 95 142
Loess/mount. 8.4 8.0 18.2 13.7 3.7 -1.6 -10.2 30
Lowlands 1.6 1.0 14.7 8.9 -5.1 -9.9 -18.7  32.2
Elbe basin 2.6 1.8 10.7 7.1 -1.7 -4.9 9.0 214
Efficiency
mean median 90th 75th 25th 10th min. max.
percent. percent. percent. percent.
Mountains 0.7 0.71 0.77 0.75 0.65 0.6 0.42 0.79
Loess/mount.  0.62 0.63 0.7 0.67 0.59 0.53 032 0.77
Lowlands 0.64 0.65 0.72 0.69 0.61 0.57 0.36  0.77
Elbe basin 0.73 0.75 0.86 0.82 0.64 0.57 0.44 091

Figure 2.10 shows eight histograms demonstrating the results of the uncer-
tainty analysis. The distribution of the model criteria 'discharge balance’ is plot-
ted in the upper part of the figure. The bottom plot illustrates the distribution of
the efficiency. Each subplot has four histograms, three for the subbasins from the

mountains, the loess area and the lowlands, and one for the total Elbe basin. The
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statistical values of the histograms (mean, percentiles, minimum and maximum)

are summarized in Table 2.6.
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Figure 2.10. The results of the uncertainty analysis. Upper plot: distributions of
the model criterion ’discharge balance’, based on 300 Monte Carlo simulations, for
basins from the mountains, the lowlands, the loess area, and the total basin. Lower
plot: distributions of the model criterion ’efficiency’.

The model gives a good reproduction of the water balance, the mean value of

300 simulations is around zero for all catchments except those in the loess area,
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where the model tends to overestimate discharge (and, hence, underestimates
evapotranspiration) slightly. It was already discussed in Chapter 2.3.1 that the
hydraulic parameterization of loess soils involves a lot of uncertainties when the
parameters are transferred from lab measurements to the basin scale, so that
the inherent heterogeneity of the soils (cracks, macropores, textural characters)
cannot be represented in macroscale polygon covers. The sensitivity analysis as
well as the uncertainty analysis indicates that there is a high potential to improve
the correct representation of loess soils in the soil data base, and therefor also in
the model.

The distributions of the efficiency values are presented in the lower plot of
Figure 2.10. All values are above 0.3, the mean values above 0.6. The conclu-
sion is that also taking into account the uncertainty in the parameter input, the
model reproduces satisfactory the dynamic flow pattern of the river discharge in
different basins. The region where the model shows the best performance with
the highest efficiencies is that from the mountainous catchment; this is under-
standable from our previous discussion (Chapter 2.4.1). The lower efficiencies,
with higher standard deviation, are obtained for the loess and lowland catchment.
This result agrees with the outcome of the model validation, where the nested
lowland catchments produced the poorest results, while the validation of the hy-
drological processes in catchments from the mountains gave the best results. In
lowland catchments, the hydrological conditions are often unclear (groundwater
flow, ponds, wetlands drainage network) and it is impossible to reproduce them

with higher accuracy without detailed information.

The distributions of the total Elbe basin for the discharge balance and for
the efficiency are a composite of the results of the nested subbasins above. The
simulated discharge is slightly overestimated. The average of the efficiency dis-

tribution is better than those in the smaller subbasins but has a high variation
(see Table 2.6).

The overall result of the uncertainty analysis is that in macroscale applications
of SWIM 90 % of the simulations have an efficiency above 0.53 and an absolute
deviation between observed and simulated river discharge lower then 9.9 %. The
uncertainty in simulating the hydrological processes in lowland and loess subareas
is higher, while the results in mountainous parts of the basin show a robust and

stable performance, and are not very sensitive to small changes in the model
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parameters.

2.5 Summary and conclusions

The SWIM model has proven to provide good simulation results on a daily time
step in terms of river runoff for meso- to macroscale basins (200 - 80,000 km?)
after some model calibration correcting mainly four parameters (the saturated
soil conductivity, the river routing factor, global radiation and the groundwater
reaction factor). Some general patterns were apparent when comparing the values
of the calibration factors in the 12 nested catchments, so that it was possible to
divide the parameter sets into three main clusters, one for the lowlands, one for
the loess area and one for the mountains. The validation results were better
in mountainous catchments (efficiency of daily results 0.75 - 0.79, of monthly
ones 0.82 - 0.84) than in lowland basins (0.61 - 0.72 daily efficiency, 0.66 - 0.86
monthly efficiency). It was possible to reproduce also local hydrological processes
like water table dynamics inside subbasins, using contour maps of the water
table depth and observed groundwater level data. The additional use of water
table maps and observed groundwater levels has a high potential to enhance the
simulation of spatially distributed hydrological processes, but the investigation is
not finished and has to be expanded ( , ). This is crucial,
because the primary idea of eco-hydrological models like SWIM and SWAT is
to simulate processes in subbasins and hydrotopes in addition to river discharge,
but they are often validated using exclusively the observed river discharge for
comparisons. The river discharge is an integral characteristic of the hydrological
processes in the whole basin, but its correct representation by the model does
not guarantee the adequacy of the spatial and temporal dynamics of all water
components in the basin.

The calibration and validation of the mesoscale subcatchments, covering the
main subregions of the Elbe basin, was used to understand the hydrological char-
acteristics in the different parts of the total basin. It was found that the best
reproduction of the hydrological processes in the total Elbe basin was possible
with a parameter set very similar to the one used for the lowland subbasins.
Apparently, the hydrological processes of the lowlands dominate the dynamics of

the river flow regime in the Elbe basin.
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The sensitivity and uncertainty analyzes show that the model results were
robust but more stable in mountainous catchments than in lowland and loess
parts of the model area. The most sensitive calibration parameter corresponding
to the water balance was the radiation correction factor, indicating that evap-
otranspiration is the process that dominates long-term water fluxes. Regarding
the efficiency, the saturated conductivity correction factor and the routing cor-
rection factor were the most sensitive tuning parameters in lowland and loess
area model applications, in mountainous catchments only the routing correction
factor, indicating that river routing is the crucial process driving the dynamics of
river discharge in mountainous areas with high elevation intensity. In lowlands,
the percolation of water through the soil layers is more important than in moun-
tains. In order to improve the simulation results in lowlands and in particular
in catchments covered by loess soils, more efforts are needed to create better soil
maps for macroscale applications.

The sensitivity analysis described in this study is a comprehensive tool to find
the important processes in different landscapes, but also to reveal shortcomings
in the model concept. For example, we suggest further exploration of the low
sensitivity of the model results to changes in the biomass energy ratio (Figure
2.9), where we expected a significant negative correlation instead of the weak
positive one.

The overall conclusion of the study is that model applications on the macroscale
should always include additional investigations in smaller subbasins to analyze
and understand the special characteristics of the subregions where that comprise
the entire basin. Different processes play a dominating role in different areas of
the basin (like river routing in mountains), where the implementation of addi-
tional observations (like groundwater records) in the validation procedure helps

to improve the model results.
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Integrating groundwater dynamics in regional hydrological modeling

Abstract The paper presents an integrated catchment model and a method
with which it is possible to analyze local water table dynamics inside subbasins
along with river flow on the regional scale. A simple but comprehensive mecha-
nistic groundwater module coupled with the eco-hydrological model SWIM (Soil
and Water Integrated Model), which integrates hydrological processes, vegeta-
tion, erosion and nutrient dynamics at the watershed scale, was used in the study.
The reliability of the model results was tested under well defined boundary con-
ditions by comparing the results with those from a two dimensional numeric
groundwater model under steady-state and transient conditions as well as with
observed data for two meso-scale basins, using contour maps of the long-term
mean water table, observed groundwater level data in wells and observed river
discharge. Especially in lowland catchments, where the water table is relatively
shallow, the dynamics of river discharge are mainly influenced by changes in
groundwater contribution to river flow. However, a correct reproduction of river
discharge by hydrological models does not guarantee the adequacy of simulated
spatio-temporal dynamics of soil moisture, water fluxes and groundwater in the
basin. But even though the primary purpose of distributed hydrological models
is to reproduce river discharge and water fluxes in the entire catchment, they are
often validated using only the observed river discharge at the basin outlet for com-
parisons. The additional use of groundwater observations for model validation
can serve as a measure to overcome the problem.

The study area is located in the lowland part of the Elbe river basin, which
is representative for semi-humid landscapes in Europe, where water availability
during the summer season is the main limiting factor for plant growth and crop
yields. The importance of adequate reproduction of the groundwater dynamics
is illustrated in an investigation of a decreasing trend in regional groundwater

level.

3.1 Introduction

A comprehensive process based eco-hydrological model integrating surface and
groundwater hydrology is presented ( , ; , ).
The model was used to investigate the dynamics of groundwater in two basin-

scale model applications, this being the scale typically used to evaluate the costs,
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benefits and risks of changes in water resource management, and to analyze the
impacts of climate and land use changes ( , ). Hydrological
models became a common tool to manage river catchments and to evaluate the
impacts of human intervention ( , ; , ). Con-
sequently, the models have to include all hydrological processes of interest, but
they are generally validated by using merely data of observed river discharge at
the catchment outlet. It is often assumed that a good reproduction of fluctuations
in river discharge implies a good reproduction of soil moisture and other hydro-
logical processes inside the catchments like percolation, plant water uptake, and
retention processes in groundwater. But especially in lowland catchments with
a shallow water table groundwater plays a crucial role in the hydrological cycle
and usually represents the main component in river discharge. Therefore the ad-
ditional use of groundwater data for model validation makes it possible to have
an insight in the local hydrological processes in subbasins. The direct use of
groundwater observations has the advantage that the data are mostly commonly
available, whereas it is impossible to measure the groundwater contribution to
river flow in most practical cases. The objective of treating a river basin as a
whole integrating all relevant processes has been identified not only by various
national hydrological programs but also by the European Commission and is
outlined in the Water Framework Directive (F(, ; ,

). The Water Framework Directive requires that previous, single discipline
approaches to manage surface and groundwater resources should be combined in

an interdisciplinary scientific framework ( , ).

The model used in this study is the eco-hydrological model SWIM (Soil and
Water Integrated Model, Krysanova et al. 1998). The model SWIM was chosen,
because it is process-based and uses only commonly available data as inputs and
can therefore easily be applied at the meso- to macro-scale, where extensive field
work to obtain input information is not feasible. It was developed especially for
impact studies at the regional and basin scales and includes all relevant hydro-
logical processes, like water percolation, surface runoff, interflow, groundwater
recharge, plant water uptake, soil evaporation, and river routing. SWIM is based
on two older model developments, the basin scale eco-hydrological model SWAT
(Soil and Water Assessment Tool, , ) and the nitrogen transport
model MATSALU ( : ). ( ) first coupled
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a simplified groundwater module ( , ), allowing ground-
water flow and groundwater table heads to be simulated at the subbasin scale,
with SWAT to predict monthly surface and base flow. This simplified model is
also part of SWIM and was developed further in order to have a better spatial rep-
resentation of groundwater dynamics and to allow for automatic calibration. The
application of a fully distributed physically based three-dimensional hydrological
model in the study was impossible because of limits in data availability and com-
putation resources. Besides, in some cases the basic assumptions regarding the
boundary conditions have to be simplified ( ) ) in order to
enable the application of such complex models. Many attempts to overcome this
limitations and to reduce the level of complexity of the fully distributed physi-
cally based models have been considered, for example to divide the water cycle
into vertical and lateral processes ( , ; ,

, : , : , ). In some of these
process based models, the groundwater component is reduced to a simple linear
storage equation, where comparison with observed data is difficult. Other models
are coupled with one-dimensional analytical solutions of the Boussinesq Equation
for groundwater flow, where data requirements again represent a limiting factor
in large-scale applications.

The simplified linear groundwater module presented in this study allows re-
production of the daily groundwater dynamics (water level and discharge) on a
meso-scale and can be parameterized using physically meaningful data (

, ). If these data are not available, water table fluctuations and at
the same time groundwater recharge can be calibrated using only two parameters.

The reliability of the simplified model is demonstrated by:

e comparing the model results with those obtained from a numerical solution
of the nonlinear Boussinesq Equation ( , ), using

well defined boundary conditions and the same geo-hydrological parameters,

e comparing the model results with observed groundwater data from two

meso-scale catchments.

A simulation experiment using the coupled model illustrates the importance of
an adequate reproduction of groundwater dynamics in meso-scale model applica-

tions. A decreasing trend in groundwater level in a basin is investigated, where
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the problem to be solved is hydrologically so complex that the model used should
integrate all relevant hydrological processes and water management options like

implementation of drainage systems and flow regulation.

3.2 Method and data

3.2.1 The Model
SWIM

The eco-hydrological watershed model SWIM integrates hydrological processes,
vegetation, erosion and nutrient dynamics at the basin scale. A three-level scheme
of spatial disaggregation from basin to subbasins and to hydrotopes is used. A
hydrotope is a set of elementary units in the subbasin, which have the same
geographical features like land use, soil type, and average water table depth.
Therefore it can be assumed that they behave in a hydrologically uniform way.
Water fluxes, plant growth and nitrogen dynamics are calculated for every hydro-
tope, where up to 60 vertical soil layers can be considered. The outputs from the
hydrotopes are aggregated at the subbasin scale. The lateral fluxes are routed
over the river network, taking transmission losses into account. A full descrip-
tion of the model can be found in ( : ). An extensive
hydrological validation of the model in the Elbe basin including sensitivity and
uncertainty analyzes is described in ( ). In order to under-
stand the structure of the model, the main hydrological processes in SWIM are
briefly listed below.

The ( ) or Penman-Monteith ( : ) meth-
ods are used to estimate the potential evapotranspiration. Soil evaporation and
plant transpiration are calculated as functions of leaf area index LAI using the
approach of ( ). The snowmelt component of SWIM is a simple
degree-day equation.

Surface runoff is determined using a modification of the Soil Conservation
Service (SCS) curve number technique. Water, which has infiltrated into the
soil, percolates through the soil layers using a storage routing technique ( ,

). The water percolated from the bottom soil layer, which reaches the

groundwater table with some delay time, is defined as groundwater recharge (see
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Chapter 3.2.1).

Lateral subsurface flow or interflow is calculated simultaneously with perco-
lation using a cinematic storage model. Interflow occurs in a given soil layer, if
the soil layer below is saturated. Flow routing in the river network is calculated
using the Muskingum flow routing method ( , ), where a continuity

equation is assumed.

A simplified EPIC approach ( , ) is included in SWIM for
simulating arable crops (like wheat, barley, rye, maize, potatoes) and aggregated
vegetation types (like e.g.’mixed forest’), using specific parameter values for each
crop/vegetation type. The potential increase in biomass is adjusted daily if one
of the plant stress factors is less than 1, considering stresses caused by water,
nutrients and temperature. The water stress factor is calculated by comparing
water supply in soil and water demand, assuming that about 30 % of the total
water comes from the top 10 % of the root zone. The approach allows roots to
compensate for water deficits in certain layers by using more water in other layers

with adequate supply.

The classical groundwater model approach

Groundwater refers to saturated flow below the water table (

, ). The rate and direction of flow can be expressed as differences in
soil water potential (combined gravitational and pressure potential). The classi-
cal equation to describe groundwater potential flow is the Boussinesq Equation,
which combines two basic laws of groundwater flow, Darcy’s Law and the Law of
Conservation of Mass (the Continuity Equation). The equation is discussed here
briefly, because a numerical solution of the equation is used under well defined
physical boundary conditions as a reference to compare its results (steady state
and unsteady state) with the results of the simplified groundwater module used
in this study. In case of two-dimensional flow these equations are ( ,

): the Darcy’s Law for water flow in porous media:

oh oh

i S s 3.1
5z Uy y oy (3.1)

Uy = —ky -
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the Continuity Equation for an infinitesimal small control volume:

oh
—V-(m-9)+¢=5 —, (3.2)
ot
and the combination of Equation 3.1 and 3.2, the Boussinesq Equation:
oh
—V-(m~k:xy~Vh)+qs:S-E, (3.3)

where v, and v, denote the Darcy Velocity in x- and y- direction in m s!, k,
and k, are the permeability in x- and y- direction in m s™', h is the height of the
phreatic surface above a reference elevation or the piezometric head in m, S is the

3 m™3, ¢ is a source term, k,, is the permeability tensor and

specific yield in m
m is the thickness of the aquifer in m. Equation 3.3 is a second order non-linear
partial differential equation and has to be solved numerically.

To derive an analytical solution of the Boussinesq Equation and to overcome
the non-linearity, some basic simplifications have to be made, which are known
as the Dupuit-Forchheimer assumptions. According to these, for flow in a sloping

unconfined aquifer two main assumptions have to be used ( , ):

1. The streamlines are horizontal and the hydraulic gradient is equal to the

absolute slope of the water table.
2. The streamlines are nearly parallel to the sloping impermeable layer.

Numerous analytical solutions of the Boussinesq Equation, which can be applied
to agricultural land drainage problems and to modeling the seepage towards un-
confined horizontal aquifers, have been presented in the past ( ,

, ). These solutions basically need the same amount of geo-hydrologic

parameters as the original Boussinesq Equation.

The simplified groundwater model approach

( ) followed another approach also based on the Dupuit-
Forchheimer assumptions. They derived a linear storage equation to predict
the non-steady-state response of groundwater flow to periodic recharge from

( )‘s steady-state formula, assuming that the variation in return
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Figure 3.1. Diagram of a cross-section of a model watershed.

flow ¢ in mm d~! at time step t is linearly related to the rate of change in water

table height h in m (only headlosses in horizontal direction are considered):

dg _8:T dh
dat L2 dt’

(3.4)

where T is the transmissivity in m? d~! and L the slope length in m (see Figure
3.1).

If the groundwater body is recharged by deep soil percolation or another
source (Rc in mm d~') and is depleted by drain discharge (q), it follows that the
water table will rise when Rc — ¢ > 0 and fall when Rc — ¢ < 0. The water table

fluctuations may be described as ( : ):
dh  (Rc—q)
d  C-S (3:5)

S is again the specific yield. From (3.4) and (3.5) it follows that by assuming C

= 0.8:
dqg 10-T

dt S - 12

so that the change in drain discharge dq/dt is proportional to the excess recharge

- (Rc—q) =a-(Rc—q), (3.6)
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Re-q, with a being the proportionality factor (reaction factor). Integration of
Equation 3.6 between the limits ¢ = ¢t (t = t) and ¢ = qt-1 (t = t-1) after

separation of the variables:

/ (R@j—iq) - / o dt. (3.7)

(<RR;C__q;]t>j1 N e(iaAt) (38>

Equation 3.8 can be transformed to gain the equation for return flow:

gives

G = qi_1- €T 4 Rea, - (1 — e(’a'm)) (3.9)

Using the linear relationship between ¢ and h (Equation 3.4), we get:

RCAt . (1

he = By q - elm@d) L 27At
£ e "985 a

— elmaai) (3.10)

The equations are scale independent and the spatial unit for which 2 and ¢ are
calculated can be either the hydrotope or the subbasin. In this study, the mean
groundwater dynamics were calculated on the subbasin scale and the changes in
height (dh/dt) where then added to the mean water table h of the hydrotopes U

in the subbasins:

dh(U) - dh
=hU)+ —. 3.11
pn U) +— (3.11)
the reaction factor «
The factor « is a function of the transmissivity 7 and the slope length L:
10-T

Therefore, the reaction factor has a physical meaning (see Equation 3.12), as
illustrated by the comparison with the results of the numerically solved Boussi-
nesq Equation (Figure 3.3), where the same geo-hydrological parameters (7, L,
S) were used. However, for meso- to macro-scale basins the basic geo-hydrological
parameters, namely transmissivity and specific yield, are usually not available.

Especially the specific yield is difficult to determine. ( ) sug-
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gested another method to estimate the reaction factor o from field observations:

From Equation 3.9, it follows that in periods without recharge (Rec = 0):

_Ingi1 — Ing
o= ————.

N (3.13)

« can be estimated by analyzing the actual response of the stream during time
periods of no recharge (Rc = 0) and low evapotranspiration. In this study, an
extension of this method is suggested. Because of the linear relationship between
h and g, it follows that:

. Ingi—1 — Ing,

if a=

then o = (M1~ inhy

14
At At (3:-14)

Based on Equation 3.14, a can be estimated using observations of the ground-

water head h directly. The method has the following advantages:

e due to the linear relationship between h and ¢ (Equation 3.4), calibration

of h will also improve g,
e the data are mostly commonly available,

e the groundwater monitoring net is usually denser than that for river dis-
charge, especially in areas with shallow water levels, where groundwater is

the main component in river discharge,

e it is not necessary to explore time periods without precipitation and direct
flow (interflow and surface flow) to derive «, because in contrast to river
discharge, fluctuations in groundwater are by definition not influenced by

direct flow components,

e the base flow component is determined by a directly interacting process,

viz fluctuations in the water table.

The Soil - Aquifer Interface

In areas with deep groundwater tables, water that percolates through the soil
zone reaches the saturated horizons with some delay, because it has to percolate
through the unsaturated drainage area between the last soil layer and the ground-

water head. Different models were developed to estimate the delay time and the
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so called ’effective recharge’ ( , ). ( ) proposed
an exponential decay weighting function to estimate the effective groundwater
recharge after drainage through the unsaturated horizons. The equation allows
for the representation of the current effective recharge Rc at time step ¢ in terms
of the percolate Rc* from the lowest soil layer above the unsaturated drainage

area:
Rev= (10— 99 - Rej + /9 ey, (3.15)

where ¢ is the delay time or drainage time of the unsaturated zone between
soil and groundwater table. The equation will affect only the timing of the
groundwater recharge and therefore the return flow and not the total volume.
The delay time can be roughly estimated using the seepage velocity v, [m s7'],
normally used under saturated conditions ( ) ), where k(©) inm s!
is the permeability of the unsaturated zone z [m] with the soil water content 7'

3

in m? m~3 and n the number of layers:

k(©) - dz

vs(z) = 5(0) (3.16)

§= i vs (2;) - Az (3.17)

In periods with high recharge and in areas with shallow groundwater, the water
table may rise and affect the lower soil zones. The soil is discretized in SWIM ver-
tically into 5 cm layers. Layers (i, i+1, ...) that are affected by groundwater are
deactivated and the percolate from the layer i-1 is then defined as groundwater

recharge. The layer is reactivated when the water table sinks.

3.2.2 Description of the study area and the data

The northern lowland part of the German Elbe basin, where the model was tested
in its two subbasins (the Nuthe, 1993 km?, and the Stepenitz, 574 km?, see Figure
3.2), is climatically one of the driest regions in Germany, with mean annual
precipitation of about 600 mm per year. Hence, water availability during the
summer season is the limiting factor for plant growth. The lowland is formed by
mostly sandy glacial sediments and drained by slowly flowing streams with broad

river valleys. The upper sites with deep water tables are covered by sandy, highly
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permeable soils and mostly pine forests (in the Nuthe river basin), or by arable
land on ground moraine with till soils that tend to have layers with lower water
permeability (in the Stepenitz river basin). Valleys are covered by loamy alluvial
soils with grassland and riparian forests, where the groundwater is very shallow,
and arable land elsewhere. During the last two decades, decreasing water levels
in rivers and groundwater have been observed (Landesumweltamt Brandenburg
2000 & 2002). The main mean climatic and hydrologic characteristics of the

study area are listed in table 3.1.

v O

v Gauge station
observation well
precipitation station
climate station
Elbe river system
Berlin
Nuthe basin
Stepenitz

Figure 3.2. The state Brandenburg, the basins under study, the river network of
the Elbe basin and the locations of the stations with climate, water level and river
discharge observations.

All necessary spatial information to derive the subbasin and hydrotope struc-
ture of the basins, the digital elevation model (DEM), the soil map of the Federal
Republic of Germany, the land use map and water table contour maps were stored
on a grid format with 50 m resolution. The Stepenitz basin was subdivided into
95 and the Nuthe basin into 122 subbasins based on the DEM and the drainage

network.
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Table 3.1. Long term mean annual precipitation (P), mean annual temperature (7T)

and river discharge (Q) of the two basins under study.

basin area P T Q

kn?  [mmal] O] [’ s
Nuthe 1938.0  590.5 8.8 9.1
Stepenitz  584.3 655.5 8.3 2.2

The evapotranspiration module in SWIM requires five different climate para-
meters to calculate daily potential evapotranspiration (Priestley-Taylor method),
infiltration and groundwater recharge: minimum, maximum and average daily
temperature, daily radiation and daily precipitation. The data were interpolated

using the External Drift Kriging method ( , ).

3.2.3 Modeling procedure
River discharge

First, the hydrological processes for the two basins under study were calibrated
on a daily time step using the observed river discharge for a period of eight years
(1981-88). The period was chosen because the hydrological observations started
mostly in the late 1970s. Figure 3.2 shows the map with the river system and
locations of the gauging stations. Besides the initial storage values, three para-
meters were used to calibrate the hydrological processes in the model SWIM: a
routing factor, a factor to calibrate saturated soil conductivity and the ground-
water reaction factor «. Statistical evaluation of the simulated river discharge
was done by analyzing the long-term difference between mean observed discharge
in the river Qs against the mean simulated one Qg (the relative difference in

discharge or discharge balance):

- 100, 3.18
Qobs ( )

discharge balance =

7
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and calculating the efficiency criteria of Nash & Sutcliffe (1970) for Qg against
Qops On a daily time step (t):

Zt (Qsimt - Qobst)2
Zt (Qobst - QObSt)Q

ef ficiency =1 — (3.19)

Groundwater dynamics

Contour maps of the mean water table and observed time series of groundwater
levels (the locations of the wells are shown in Figure 3.2) were taken as the spatial-
temporal information to analyze and adjust the characteristics of the hydrological
processes in the subbasins. The calibration process was based on Equation 3.10,
where an increase in « (higher transmissivity) results in a decreasing mean water
table and vice versa, and a higher specific yield (S) in a smoothed groundwater
table fluctuation. The calibration was done automatically using a special pre-

processing program in two steps:

1. The first step was to adjust the simulated long term mean water table in
subbasins by calibrating the reaction parameter a. During the process of
automatic calibration, the mean observed water table per subbasin h, was
compared against the mean simulated one h, after each simulation run, and

a was then adjusted according to the results.

2. The second step was to calibrate the amplitude of the observed against the

simulated water table by fitting the specific yield S.

The resulting spatial distribution of the reaction parameters in the basin is
physically meaningful and is correlated to soil transmissivity and slope. The
Mean Absolute Error (MAE) and the bias are used to compare the observed

versus simulated long term mean water table:

n

1 = = \2
MAE = — Z:; (hoy — hs,) (3.20)
I B
bias = — Z ho, — hs, (3.21)
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3.3 Results and discussion

3.3.1 Model comparison

A comparison between the non-steady-state reaction of the groundwater head as
calculated by Equation 3.10 and the results of a numeric solution of the non-
linear Boussinesq Equation was carried out to demonstrate the reliability of the

simplified groundwater module (see Figure 3.3).
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Figure 3.3. Results of the model comparison between the simplified model and the
model ASM steady state (a) and unsteady state (b) with q = 0.00036 m s~
T =0.00l m?s7!, S =0.05 m® m™3.

The ASM finite difference computational scheme (Aquifer Simulation Modell,
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, ) was applied in the comparison to derive a numeric
solution of Equation 3.3, using the Preconditioned Conjugate Gradient Method
to solve the fully implicit equation system. The code of ASM was changed for
this purpose to be able to accept daily groundwater recharge (Rc), calculated by
SWIM, as upper boundary condition. It has to be mentioned, that a mean trans-
missivity was used in the simplified formula, whereas in the numerical solution
the transmissivity varies with time and location. Figure 3.3a shows a comparison
of the steady state results of the simplified model and the ASM model, and Figure
3.3b a comparison of the non-steady-state results (two groundwater hydrographs
per model calculated at 400 m and 1200 m distance from the river). Thereby, the
groundwater recharge in the second example was calculated by SWIM. The com-
parison of the results obtained by the two approaches shows that there are only
relatively slight differences in the simulated water tables. Moderate problems
occur under non-steady-state conditions close to the river with low fluctuations
in the hydrographs. Both models have the same sensitivity to the hydro-geologic
input data. It is worth mentioning that the uncertainty in determining the hydro-
geologic parameters and the model input have a much stronger influence on the
model results, and the uncertainty in the model outputs caused by the parametric

uncertainty is much higher than the variations between the two models.

3.3.2 River discharge

The model performed satisfactory in both case studies. The quality of the model
results is comparable to recently published results from similar meso- to macro-
scale applications of other models in lowland river basins ( , :

, ; , ; : ). The
most sensitive model parameters in the calibration process of river discharge
were the factors to correct saturated soil conductivity and river routing. The
river discharge was rather insensitive to the reaction factor a. Figures 3.5 and 3.4
show the daily and monthly river discharge of the two basins, and the statistical

values of the results are listed in Table 3.2.
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The difference between the observed and simulated river discharge (Equation
3.18) is 0.0 % in the Stepenitz model application and 3.0 % in the Nuthe appli-
cation for the period 1981 - 1988, indicating that the water balance is correctly
calculated by SWIM. The daily efficiency (Equation 3.19) is 0.71 in the Stepenitz
and 0.60 in the Nuthe river basin. The hydraulic regime of the Nuthe basin is
strongly influenced by water management regulations like drainage systems and
weir plants, so that it is difficult to reproduce the hydrograph with higher ac-
curacy. For example, for the Nuthe river hydrograph the summer discharge is
overestimated by the model (see Figure 3.4). This can be explained by water
abstraction and regulation measures, when a minimum river flow is provided by

reservoir management in dry summer periods.

Table 3.2. Results of the hydrological calibration using observed river discharge.

Basin efficiency efficiency  rel. diff. in
daily monthly  discharge [%]

Nuthe 0.60 0.67 3

Stepenitz 0.71 0.84 0

It is worth mentioning that the efficiency was notably higher for other meso-
and macro-scale subbasins of the Elbe located in hilly and mountainous areas
( , ). The comparison of the observed and simulated ground-
water heads in the following section shows that the hydrological dynamics inside

the basins are well reproduced.

3.3.3 Water table dynamics

First, the simulated mean annual water table depth of all subbasins in the Ste-
penitz and Nuthe basins were calibrated automatically as described in Chapter
3.2.3. The mean amplitude of the water table fluctuations in the Stepenitz basin
was not calibrated, whereas in the Nuthe basin, the mean simulated amplitude
was too high and had to be smoothed by a moderate increase in the value of
specific yield. The Mean Absolute Error (Equation 3.20) of the long term mean
observed against the mean simulated water table in all subbasins was 0.053 m
for the Stepenitz basin, and 0.026 m for the Nuthe basin (see Table 3.3). The
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3.3 Results and discussion

Table 3.3. Results of the water table simulation.

basin number of subbasins MAE [m] bias [m]
Nuthe 122 0.026 0.004
Stepenitz 95 0.053 0.028

groundwater reaction factors of the subbasins had values between 0.1 (loamy sed-
iments) and 0.3 (sandy / loamy sediments). The time dynamics of the simulated

water tables in terms of rising and retention periods were not calibrated.
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Figure 3.6. The simulated evapotranspiration, groundwater recharge and groundwa-
ter table and the observed groundwater table (station Wendisch Priborn, Stepenitz
basin).

Figure 3.6 shows the comparison of the observed against that simulated water
table for a subbasin in the Stepenitz catchment (the longest observed time series
of the basin). The simulated daily water table shows a good fit with the observed
data, when the amplitude and retention of the curves are considered. Actual
evapotranspiration and groundwater recharge are also included in Figure 3.6 to
provide a better understanding of the hydrological processes in the basin. It is

obvious that the good reproduction of the water table dynamics also implies that
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soil water percolation and groundwater recharge processes have approximately the
correct magnitude and time dynamics, because otherwise the amplitude would
have a shift in time. Water levels rise during the winter, when plant production
and evapotranspiration are low, and they start falling in early spring. In some
years, the simulated amplitude of the water level is higher than that observed,
where the peaks are very low. The possible reason for that could be that high

water levels are prevented by drainage systems for groundwater control.
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Figure 3.7. Observed and simulated groundwater table (five records from the Nuthe
basin).

Figure 3.7 shows a comparison of five observed groundwater table hydrographs
from the Nuthe basin with those simulated. The observation wells were selected
in order to represent a cross-section through the basin from the lowlands in the
north to the hilly area in the south. Well 1 is located next to the outlet of the
Nuthe river catchment. Similar to the Stepenitz basin, the curves show a good fit,
especially for the early 1980s. The rise of the groundwater level in 1987 and 1988
is slightly overestimated by the model in subbasins 2, 4 and 5. As explained in
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3.3 Results and discussion

Chapter 3.2.2, the natural flow regime in the Nuthe basin is influenced by stream
flow control (weir and reservoir management), and especially in the lowland areas

the water level is controlled by land drainage.

The simulated groundwater hydrographs are very similar, whereas the obser-
vations show more differences. The higher variability in the observed water levels
is the result of small-scale heterogeneities in the aquifer and of local precipitation
events which are missing in the observed records. An even better fit would be
possible by implementing additional management information. However, this was
not the objective of the study. On the contrary, the study aimed at showing that
a simplified model approach yields satisfactory results using commonly available
data without extensive field work and additional data collection. The results
shown here demonstrate that an easy handling of the model is very important to
obtain physically meaningful and comprehensive results on the meso- to macro-
scale. The next section will describe a case study where the coupled model was

used to analyze decreasing groundwater tables in the study area.

3.3.4 Water table trends in the north-eastern lowland of
the Elbe basin

During the last two decades, falling water tables have been observed over nearly
the entire area that is covered by the state of Brandenburg (see Figure 3.2). The
question is whether the trend is mainly due to climate change or to a change
in the local water management practices. The water table can fall because of
human interventions in the water regime, such as increased crop production,
implementation of drainage systems, lowering of the drainage base and increased

groundwater extraction ( , ; , ).

Large parts of the area have very shallow groundwater, and in particular here
the water cycle is strongly influenced by water management practices like the
installation of drainage systems for groundwater control ( , ; ,

: , : , ). The Stepenitz basin was selected as an
example to investigate the trend, because the decrease here is especially distinct

(see Figure 3.10a).
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Figure 3.8. Trends in precipitation (a) and temperature (b) in the Stepenitz river
basin.

Figure 3.8 shows the trends in the climate variables precipitation (Figure 3.8a)
and temperature (Figure 3.8b). The sum of winter precipitation increases from
250 mm in 1961 to 320 mm in 1996, whereas the sum of summer precipitation
has no significant trend. The mean winter temperature increase during the same
period is about 1 °C, the mean summer temperature increase only about 0.5 °C.

It is difficult to analyze the reasons for the trend statistically because the
records of river discharge started in only 1978, and the water table trend just
a few years later. The correlation of river discharge and water table trends is
therefore vague and unreliable. Precipitation and also temperature increased
slightly during recent decades, with a higher increase in both parameters during
the winter season. These changes could influence the water cycle in opposite
directions. An increase in precipitation would result in rising water tables in an

undisturbed water system, while higher temperatures would stimulate a higher
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evapotranspiration and falling water tables, though the significance of changes
depends on the value of climate parameter change.

SWIM was applied to the Stepenitz river basin to investigate the groundwater
trend. The application of a complex model, which integrates all processes of
interest, is crucial in this case, due to the non-linear reaction of the water cycle
to changes in the climate input and because of the fact that the amount of
observations is too limited to enable statistical analysis (e.g. a simple correlation
between river discharge and groundwater levels). The first step was to analyze
whether SWIM is sensitive to climate trends in respect to the groundwater table.
In Figure 3.9, the results of a simulation experiment are demonstrated, where two
climate trends were induced by subtracting each year 1 % and 2 % respectively
of the observed precipitation. The first result of the experiment is that the
groundwater table is falling steadily, and thereby the amplitude of the fluctuations
is decreasing. The second is that the water table decline is limited by the drainage
base, in our case the river water level. Both results reflect the hydrological
processes correctly. Therefore, the groundwater module in SWIM is sensitive to

climate change and a decrease in groundwater recharge.

water table depth [m]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 year
—— mean groundwater table reference

groundwater table scenario 1 with linear trend
groundwater table scenario 2 with linear trend

Figure 3.9. Sensitivity of the simplified groundwater module in SWIM to a decreas-
ing trend in precipitation. The daily precipitation was reduced each year by 1 %
(scenario 1) or 2 % (scenario 2) respectively.

The second step was to apply SWIM in the Stepenitz basin and to perform
a model run with the observed climate data as input. Figure 3.10a shows the
comparison between the simulated and observed groundwater levels for the time
period January 1974 to December 1996.

87



Integrating groundwater dynamics in regional hydrological modeling

..
— observed i (a) i i i |
07+ [ I R e ‘

— simulated

W WAV A

2.7

water table depth [m]

-3.2

-3.7

Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.
74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95

-0.2

— observed G (b) | |
07 T

—— simulated

1.2
A7

2.2

water table depth [m]

2.7 -

-3.2

-3.7

Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.
74 75 76 77 78 79 80 81 82 83 84 85 86 87 8 8 90 91 92 93 94 95

Figure 3.10. The observed and simulated groundwater levels (station Wendisch Pri-
born). (a) The trend starting from summer 1983 cannot be reproduced taking
observed climate data. (b) The groundwater hydrographs agree when the simula-
tion is done assuming a decline in the drainage basis of -0.35 m in the period 1983
- 1984 (d1) and of -0.80 m in the period 1990-1991 (d2).

During the first ten years until spring 1983, the two hydrographs have ap-
proximately the same dynamics and even the same trend to increasing water
levels. However during summer 1983 the observed water table declines, while
the simulated one has nearly no decreasing trend and remains practically at the
same level. A similar pattern can be observed in other subbasins of the Stepenitz

catchment. A conclusion is that the trend cannot be caused by climate change,
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because in that case also the simulated water level would decrease, as illustrated
in the simulation experiment (see Figure 3.9).

A possible reason for the decline could be the extensive melioration and river
deepening that took place from the late 1960s in Brandenburg ( , )
and later also in the Stepenitz river basin. The drainage base was lowered by
these two measures. The structural water engineering measures were amplified
in the Stepenitz catchment at the beginning of the 1980s (Pietschmann, Bran-
denburg State Environmental Department, oral communication). Based on this
information, the simulation can be extended. Applying the coupled model, it is
possible to roughly detect the reason for the water table decline during the early
1980s and the early 1990s. In Figure 3.10b, the observed water table is compared
with the simulated one, whereby the simulated water table was calculated assum-
ing a decrease in the drainage base (the river water level) of 0.35 m during the
first half of the 1980s and of 0.80 m during the early 1990s. The effect is that the
simulated curves again agree with the observed data, even the decline in summer
1989 and the increasing trend in the 1990s is well reproduced.

The range of drawdown of the drainage base is also recorded in other European
lowlands with shallow groundwater and human interference and hydrological en-
gineering ( , ). Consequently, from the analyzes of the
climate data and the modeling results it can be concluded that the water table
trend is rather induced by engineering measures in the basin, which have led to
a decline in the drainage base of the aquifer. The result can also be reproduced

and observed in other subbasins of the Stepenitz catchment.

3.4 Summary and conclusions

The study has shown that the additional use of water table maps and observed
groundwater levels has a high potential to enhance the simulation of spatially
distributed hydrological processes, because a good reproduction of groundwater
dynamics implies also a good reproduction of the hydraulic processes in soils
in terms of evapotranspiration and percolation. Data availability and computa-
tion time limit the application of fully distributed physically based models on
the catchment scale creating a demand for simplified model approaches integrat-

ing all important hydrological processes and focusing on groundwater dynamics
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( , 1972; , 1984; Guo, 1997; , 1997;

, ; , ). The simplified model approach used in this
study produced good simulation results in two meso-scale lowland basins with
a daily time step in terms of river discharge taking into account that the nat-
ural flow regime is strongly influenced by artificial flow regulation. During the
calibration of river discharge, only three parameters were modified (saturated
soil conductivity, river routing and groundwater reaction). It was also possible
to reproduce local hydrological processes such as water table dynamics inside
subbasins, using observed groundwater level data and a simplified groundwater
module ( , ). The adjustment of the mean water table
was done automatically on the subbasin scale. The mean long term differences
between the mean observed and mean simulated water table were smaller than
0.06 m for all subbasins.

The importance of water level dynamics in basin-scale model applications is
demonstrated in a case study, the investigation of a negative trend in regional
water tables. The modeling study was applied to analyze whether the trend
is the impact of climate change or the impact of local water and groundwater
management (like implementation of drainage systems and flow regulation). The
conclusion was that the trend was induced by engineering measures in the basin,
which led to a decline in the drainage base of the aquifer. The simulation ex-
periment demonstrates the need for physically sound comprehensive groundwater
models, which are applicable on a regional catchment scale, where extensive addi-
tional field data collection is impossible, and where an easy handling of the model

is very important to obtain physically meaningful and comprehensive results.
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Abstract Wetlands, and in particular riparian wetlands, represent an inter-
face between the catchment area and the aquatic environment. They control the
exchange of water and related chemical fluxes from the upper catchment area to
surface waters like streams and lakes. Their influence on water and nutrient bal-
ances has been investigated mainly at the patch scale. In this study an attempt

was made

e to integrate riparian zones and wetlands into eco-hydrological river basin

modeling, and

e to quantify the impacts of riparian wetland processes on water and nutri-
ent fluxes in a meso-scale catchment located in the northeastern German

lowland.

The investigation was performed by analyzing hydro-chemical field data and ap-
plying the eco-hydrological model SWIM (Soil and Water Integrated Model),
which was extended to reproduce the relevant water and nutrient flows and re-
tention processes at the catchment scale in general, and in riparian zones and
wetlands in particular. The main extensions introduced in the model were: (1)
implementation of daily groundwater table dynamics at the hydrotope level, (2)
implementation of water and nutrient uptake by plants from groundwater in
riparian zones and wetlands, and (3) assessment of nutrient retention in ground-
water and interflow at the catchment scale. The simulation results indicate that
wetlands, though they represent relatively small parts of the total catchment
area, may have a significant impact on the overall water and nutrient balances
of the catchment. The uncertainty of the simulation results is considerably high,
with the main sources of uncertainty being the model parameters representing

the geo-hydrology and the input data for land use management.

4.1 Introduction

The Water Framework Directive of the European Commission (EC) requires that
water bodies in Europe are brought into "a good ecological status” (12C, ).
Much effort has been made and many improvements carried out, mainly in the

implementation of wastewater treatment plants. But these measures only help
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to reduce pollution from point sources, whereas the main origin of some im-
portant pollutants are diffuse sources like leaching from fertilized cropland and

atmospheric deposition.

Riparian zones and wetlands, being an interface between catchments and sur-
face waters, can play an important role in the control of water quantity and water
quality of surface water systems in general, and in reduction of diffuse pollution
in catchments in particular ( , ; , ; ,

: , : , ). In wetlands, plant roots
may reach the groundwater table and plants can satisfy their nutrient and water
demands even during dry periods, while vegetation in higher areas without con-
tact to groundwater has to reduce or stop its transpiration and nutrient uptake
( , : , ). In addition, sediments in wetlands normally
have a higher carbon content because of reduced mineralisation under anoxic con-

ditions. Anoxic conditions and available carbon sources stimulate denitrification
, )-

The effectiveness of wetlands in water and nutrient retention has been the

in wetlands and riparian zones (

subject of several investigations, mostly at the plot scale or for small watersheds,
usually based on an intensive monitoring programme, and including some studies
of constructed wetlands ( , ; , ;

: , ). A comprehensive summary of studies on the
efficiency of riparian zones in rural catchments is given in ( ),
where the measured denitrification in riparian zones is between 0.16 and 2960 kg
ha'! a™l, and vegetation uptake of nitrogen is between 10 and 350 kg ha™! a™t. The
large range of the observed values can be explained by the variety of riparian zone
types discussed in the studies, which include different kinds of riparian forests and
meadows. Their influence at the river basin scale is more difficult to determine
( , ), because of a lack of comparable detailed and
accurate data at this scale. The transferability of the small-scale results to larger

river basins is therefore restricted.

modeling studies can help to understand the impact of riparian zones and
wetlands on the overall water and nutrient balances in river basins (

) ). While simple methods like regression models, export-coefficient
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approaches and GIS-based mass balances can roughly estimate the relative sig-
nificance of different processes and sources ( , ;

, ; , ), more sophisticated dynamical process-
based approaches are needed to analyze the role of wetlands processes in catch-
ments. In such models the interrelation of groundwater dynamics, soil moisture,
nutrient leaching and retention, plant growth and plant water and nutrient up-
take should be considered ( , ; , ;

, : , ; , ). However, the process-
based modeling of water quality in catchments, especially in large-scale river

, 2001),

and integration of riparian zones in catchment modeling is even more challenging

basins, is still a challenge ( , :

because of the complex interactions and feedbacks between hydrology, vegetation
and soils in wetlands ( , ; : ).
The feedback effects of hydrological and chemical fluxes (ground-surface water
exchange, nitrogen storage and uptake etc.) are of particular interest in ecosys-
tems, where the coupling of different system compartments is important and can
not be neglected in a satisfactory description of the governing dynamics of the
system ( , ). As phosphorous is mainly transported from soil
to river via erosion, our study was focused on nitrogen dynamics. Therefore the

objectives of this study were:

e to analyze hydro-chemical data on nitrogen dynamics in groundwater and
surface water in a meso-scale rural river basin (1938 km?) located in the

northeastern German lowland,

e to find a method for implementation of the relevant eco-hydrological processes

in wetlands and riparian zones in meso- and large-scale river basin model-

ing,

e to quantify the impacts of wetlands on water and nitrogen fluxes in the

mentioned river,

e to identify areas in the catchment, which are mainly responsible for river

pollution from diffuse sources, and

e to analyze the uncertainty of input data and model parameters related to

the model extension.
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4.2 Material and methods

The model used in the study is the eco-hydrological model SWIM (Soil and
Water Integrated Model, , ), which integrates hydrology,
vegetation, erosion and nutrient dynamics at the river basin scale. Spatial disag-
gregation in SWIM has three levels: the basin is subdivided into subbasins, and
then the subbasins are subdivided into hydrotopes or hydrotope classes based on
uniformity of land use and soil.

By implementing the wetland and riparian zones in SWIM, the technical aim
was to find modeling solutions which are physically sound but simple enough to
apply at the river basin scale using regionally available data. This is compatible
with the overall structure and process representation in SWIM ( ,

: , ). However, the scarcity of field data valid at
the regional scale made it necessary to take additional ’soft’ information (from
literature, expert knowledge) to validate the model, although it was clear that
the inherent uncertainty of the data would cause a high degree of uncertainty to
be propagated by the model. The uncertainty of the model results generated by
the inherent uncertainty in input data and model parameters was analyzed using
a comprehensive sensitivity and uncertainty analysis method.

The river basin used to test the model is located in the lowland part of the
Elbe river basin, which is representative for semi-humid landscapes in Central
and Eastern Europe, where water availability during the summer season is the
main limiting factor for plant growth and crop yields. The water and nutrient
balances of the catchments are influenced by water and land use management
measures such as implementation of drainage systems, lowering of the drainage
base and increased groundwater extraction. Extensive parts of the area have
very shallow groundwater, and over much of the region water management is
regulated through the installation of weirs and gates in the surface waters and

drainage systems for groundwater control ( , ; , ;

, 1995).

4.2 Material and methods

4.2.1 The study area and data

The study area is the catchment of the River Nuthe, which drains into the Havel

river, a tributary of the Elbe river in northeastern Germany. The catchment area
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Figure 4.1. The location of the Nuthe basin and the observation points.

of the Nuthe covers 1938 km? in a Pleistocene landscape dominated by agricul-
tural land use. The mean annual precipitation is about 600 mm per year (see
Table 4.1). Water availability during the summer season is the limiting factor
for plant growth, because the area is covered mainly by sandy glacial sediments
with low water-holding capacity. The basin is drained by slowly flowing rivers
and ditches in broad river valleys. The upper areas with deeper water tables
are covered by sandy, highly permeable soils and forests mainly of pine or by
arable land on ground moraine with till soils that tend to have layers with lower
water permeability. Valleys are covered by loamy alluvial soils with grassland
and riparian forests, where the groundwater is very shallow, and arable land else-
where. Approximately 27 % of the basin area is covered by wetlands, which are
regulated by water management measures such as the installation of drainage sys-

tems for groundwater control ( , ; , ). During the last two
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decades, decreasing water levels in rivers and groundwater have been observed
( , ; , ), caused mainly by human interven-
tion (lowering of drainage depth, melioration, straightening of rivers, etc.). As
a result, many wetland ecosystems were drained and altered their hydrological
character to dryer conditions, and their restoration by river flow regulation mea-
sures is ongoing or planned. The landscape is rural, dominated by farmland and
forest, the population density is low (although the basin is adjacent to Berlin),

and there is no significant industry (see Figure 4.1 and Table 4.2).

Table 4.1. Long-term mean annual precipitation (P), mean annual temperature (T),
river discharge (Q), runoff coefficient (rc), and river nitrate N concentration in the
1980s (C8(N)) and 1990s (CI(N)).

P T Q rc  C8(N) C9(N)
mm 2] [°C] [m®s'] (%] [mgl'] [mgl’]
5005 88 91 211 184  0.56

All necessary spatial information to derive the subbasin and hydrotope struc-
ture of the basin, i.e. the digital elevation model (DEM), the soil map of the
State of Brandenburg, the geo-hydrological map ( , ), the land use map
and water table contour map were stored on a grid format with 50 m resolution.
This format has been chosen because it is the original spatial resolution of the
DEM and the soil map, while the original resolution of the land use information is
a grid format of 25 m and the one of the geo-hydrological map only of 1 km. The
groundwater contours were produced by averaging the yearly groundwater level
of 226 observation wells and interpolation using External Drift Kriging (

, ), whereby the elevation was taken into account as a second variable.
The Nuthe basin was subdivided into 122 subbasins based on the DEM and the

drainage network.

Table 4.2. Catchment area and land use in the Nuthe basin.

area  settlement arable land grassland forest other
[km?] (%] (%] %] (%] [%]
1938 ) ~ 43 ~ 13 ~36 ~3
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Six climate stations and sixteen precipitation stations are located in and
around the basin. Their daily measurements have been interpolated for each
subbasin using Inverse Distance techniques. The land use distribution is shown
in Table 4.2, the main climatic and hydrologic characteristics of the study area
are listed in Table 4.1.

4.2.2 The model SWIM

The eco-hydrological model SWIM is a continuous-time semi-distributed model,
which integrates hydrological processes, vegetation, erosion and nutrient dynam-
ics at the river basin scale ( , , , ). SWIM was
developed on the basis of two previously developed models, SWAT (Soil and Wa-
ter Assessment Tool, , , ) and MATSALU (

, ). A three-level scheme of lateral spatial disaggregation from basin
to subbasins and to hydrotopes is used, where the hydrotopes form the highest
disaggregation level. A hydrotope is a set of elementary units in the subbasin,
which have the same geographical features like land use and soil type. It can
therefore be assumed that they behave hydrologically in a uniform way.

Water fluxes, plant growth and nitrogen dynamics are calculated for every
hydrotope, where up to 10 vertical soil layers can be considered. The approach
allows the spatial pattern of land use and land use changes to be considered.
After reaching the river system, water and nutrients are routed along the river
network to the outlet of the catchment.

The simulated hydrological system is conceptualized as having four compart-
ments: the soil surface, the root zone, the shallow aquifer, and the deep aquifer.
The water balance for the soil column includes infiltration, surface runoff, evapo-
transpiration, percolation, and generation of interflow and groundwater recharge.
The water balance for the shallow aquifer includes groundwater recharge, capil-
lary rise to the soil profile, lateral flow, and percolation to the deep aquifer.

Plant dynamics are simulated using a simplified EPIC approach (

, ), where the potential increase in biomass is estimated as the product
of intercepted energy in terms of solar radiation and a plant-specific parameter
converting energy into biomass. Nutrient uptake by plants is estimated using a
supply and demand approach. Four stress factors control the plant growth, one

for available water, one for optimal temperature and two for available nutrients
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(nitrogen and phosphorus).

The nitrogen and phosphorus modules include pools for nitrate nitrogen, ac-
tive and stable organic nitrogen, organic nitrogen in the plant residue, labile
phosphorus, active and stable mineral phosphorus, organic phosphorus, and phos-
phorus in the plant residue, and the flows of fertilization, input with precipitation,
mineralisation, denitrification, plant uptake, leaching to groundwater, losses with
surface runoff, interflow and erosion. The model considers two sources of nitrogen
mineralisation ( , ): the fresh organic nitrogen pool,
associated with crop residue, and the active organic nitrogen pool, associated
with the soil humus. Organic nitrogen flow between the active and stable pools
is described with an equilibrium equation, assuming that the active pool fraction
at equilibrium is 0.15. The decomposition rate of residue is a function of the C:N
ratio, C:P ratio, temperature, and water content in soil. The mineralisation from
the active organic nitrogen is a function of temperature and the water content in
soil.

Denitrification occurs only in conditions of oxygen deficit, which usually is
associated with a high water content in soil. Denitrification is a microbial process
and occurs as a function of soil temperature and carbon content.

The crop is allowed to take nitrogen from any soil layer that has roots, or in
the extended version also from groundwater, if the roots have access to it. Uptake
starts at the upper layer and proceeds downwards until the daily demand is met
or until all nitrogen has been depleted. A full description of the model can be
found in ( , ). An extensive hydrological validation of
the model for the whole Elbe basin including sensitivity and uncertainty analysis
of the hydrological processes in lowland is described in ( ).
The next section will introduce the further development of the model, which was
carried out to implement the wetland module and nutrient retention in the river

basin.

4.2.3 Model extensions

The original model SWIM ( , ) had no explicit representation
of wetlands and riparian zones, and a very simple representation of nutrient
retention on the way from soil to river. Therefore, the model had to be extended,

and formulations for the reproduction of relevant flow and retention processes in
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catchments and especially in wetlands had to be implemented. The developed
model concept is transferable to other regions in Europe and beyond, with the
limitation that the process formulations are not valid in mountainous areas with
rocky or karstic aquifers, where wetlands normally do not play an important role.

For modeling purposes the wetland or riparian zone is defined as a hydrotope
with a shallow groundwater table, where plant roots can reach the groundwater.
The riparian zone is a type of wetland located along the river. The area covered
by wetlands and riparian zones in a river basin is therefore not constant, but varies
over the season and between years due to variations of the groundwater table.
Though there could be ’stable’ wetlands in a basin, they are usually assumed to
be ’ephemeral’ (depending on current conditions in the catchment). The main

changes introduced in the model were:

1. implementation of daily groundwater table dynamics at the hydrotope level

(it was previously simulated only at the subbasin level),

2. assessment of nutrient retention in groundwater and interflow at the catch-

ment scale,

3. implementation of water and nutrient uptake by plants from groundwater
in riparian zones and wetlands, which is allocated according to the daily
water table depth.

Additionally, in the extended version, average water table depth, distance to the
next river, and flow concentration time can also be considered by delineating
hydrotopes. For nitrogen (mainly nitrate nitrogen) all three pathways from soil
to river, i.e. with surface runoff, with interflow and with groundwater discharge,
are relevant. The following description will focus on nitrate nitrogen and has
therefore to consider all three pathways. Figure 4.2 illustrates the main exten-
sions. Firstly, nitrate nitrogen, which leaves the root zone with interflow and
groundwater recharge, is subject to denitrification and plant uptake on the way
from the hydrotope to the surface river system. These processes depend on the
characteristics of the sediments along the flow path and on the mean residence
time of the nutrients in the subsurface (point 1 in Figure 4.2). Secondly, plants
in lower parts of the subcatchment are allowed to satisfy their water and nutri-
ent demand also from lateral flows coming from upper parts (point 2 in Figure

4.2). Thirdly, the groundwater table is simulated daily for each hydrotope (point
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Figure 4.2. Scheme of the main nutrient fluxes in a catchment.

3 in Figure 4.2). This allows us to consider the wetland areas in the model as
being variable: the total wetland area in a basin will decrease in dry conditions
in summer, and increase in wet periods, when the water table is rising.

The following sections will explain these extensions and the required data
pre-processing in more detail. During the work, the aim was to find methods
which are physically sound but simple enough to be applicable at the large river
basin scale using regionally available data, and to save computation time. The
mathematical description below follows these basic aims. If specific subsurface
information (permeability, nutrient turnover conditions) are not available, one
can also start using first global data from literature, and then regionalize them

by calibration.

Groundwater table dynamics

A good reproduction of groundwater dynamics is crucial for the investigation of
hydrological processes and nutrient fluxes in wetlands, since the main character-
istic of wetlands is their shallow groundwater. The groundwater table dynamics
is especially important for processes like root growth, water and nutrient uptake

from shallow groundwater by plants, and for saturated overland flow. In the ex-

101



Integrating wetlands and riparian zones in river basin modeling

tended SWIM, the groundwater table is simulated daily for each hydrotope. The
model now allows daily and seasonal fluctuations in the groundwater table due
to changes in groundwater recharge and plant water uptake from groundwater to
be considered, and also makes it possible to account for changes in the wetland
area. The groundwater module has been first used in large scale modeling by

( ) to simulate monthly groundwater discharge at the subbasin
level. It has been further developed by ( ) to simulate daily

groundwater table fluctuations at the hydrotope level.

The extended model considers two cases when calculating groundwater recharge:
(1) areas and time periods in which the groundwater table is relatively deep, and
plants have no access to groundwater, and (2) areas and time periods with very
shallow groundwater accessible to plant roots. SWIM uses an exponential delay
function to calculate the effective groundwater recharge Rc after drainage through

the unsaturated geologic horizons from the lowest soil layer to the groundwater
table ( : ):

Re, = (1_0 B 6(1.0/6)) - R¢; + e(1.0/9) Rc (4.1)

where Rc” is the percolate from the lowest soil layer, and 6 is the travel time
through the unsaturated horizons between soil and aquifer, a function of sediment
permeability and saturation ( , ). Soil layers (i, i+1, ...)
which are affected by shallow groundwater are deactivated, and the percolate
from the layer i-1 is defined as groundwater recharge. The deactivated layers are
reactivated when the groundwater table declines. Unsaturated soil depth in a

hydrotope becomes variable.

The dynamics of groundwater table and groundwater discharge are calcu-
lated following the approach of ( ). They derived a
linear storage equation based on the Dupuit-Forchheimer assumptions to pre-
dict the non-steady-state response of groundwater flow to periodic recharge from

( )‘s steady-state formula, assuming that the variation in return
flow ¢ in mm d~! at time step t is linearly related to the rate of change in water

table height h in m (only headlosses in horizontal direction are considered):

dg 8T dh

AR (42)
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where T is the transmissivity in m? d=! and L the slope length in m from hydro-
tope to next surface water (the drainage base, see Figure 4.2). If the groundwater
body is recharged by deep soil percolation or another source (Rc in mm d~!) and
is depleted by drain discharge (¢), it follows that the water table will rise when
Rc—q > 0, and fall when Rc—¢q < 0. Then the groundwater table fluctua-

tions may be described as:
dh  Rc—gq
a  CS
3 mm™3 (the fraction of meso- and macro-

(4.3)

where S is the specific yield in mm

pores). It follows that by assuming that the retention constant C' = 0.8 (

, ), we get:
dqg 10T
%:@(RC—Q):OW(RC—Q), (4.4)

so that the change in drain discharge dq/dt is proportional to the excess recharge
Rc-q, with a being the proportionality factor (or reaction factor). Equation 4.4

can be transformed to gain the equation for groundwater discharge:
@ = i1 4+ Reay (1-— e(’aAt)) . (4.5)

Using the linear relationship between ¢ and h (Equation 4.2), we get:

Repg
hy = hy_1e7080 4 2L (1 — g(maat)) | 4.6
to * 5.85a ) (4.6)
The equations are scale independent and the spatial unit for which 2 and ¢ are
calculated is the hydrotope level, using the average distance to the next river L
(or the slope length) to vary the fluctuations in groundwater table in a physically
sound way (see Equation 4.4). The factor « is a function of the transmissivity 7'

and the slope length L:
10-T

TS

Therefore, the reaction factor has a physical meaning, as was illustrated by a

(4.7)

comparison with the results of the numerically solved Boussinesq Equation (
, ), where the same geo-hydrological parameters (T, L, S) were

used to solve both the equations.

However, two of these parameters, namely transmissivity and specific yield,
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are not usually available at the regional scale. Another method is to estimate
the reaction factor a from field observations by directly using observations of the
groundwater head h. This was done using an automatic calibration algorithm by
adjusting 7" and S in physically sound limits. Parameter a has a time dimen-
sion and can be interpreted as the reaction time of the groundwater table and
discharge to changes in recharge. The approach also allows better simulation of
fluctuations in base flow (where relatively few observations exist) by calibration
of fluctuations in groundwater table (where relatively many observations exist),

since both equations use the same reaction factor .

Nutrient retention in subsurface and groundwater

During the subsurface transport of nitrogen from soil column to rivers and lakes,
the geo-chemical conditions change from oxidation to reduction, depending on
water content, and carbon and oxygen concentration along the pathway. These
conditions are site-dependent and can change in SWIM from hydrotope to hydro-
tope. They are crucial for the intensity of denitrification, which is probably the
major process leading to loss of nitrogen from soil during its subsurface transport
( , ). The second important parameter influencing denitrifi-
cation is the residence time of nitrogen in the subsurface, which determines the
time period during which nutrients can be subject to denitrification. The time
scales considered here are much larger (years and decades) than the time scales
for groundwater table dynamics (the reaction time). The equation derived below
combines these two parameters, and the derivation of the parameters is described
in the next section.

Assuming that a change in the amount of subsurface nitrogen over time
(dN/dt) without transformation (denitrification) is determined by nitrogen in-
put Ny, (kg ha™') into the subsurface and nitrogen output N, (kg ha™'), we
get:

% = dNyin — ANy ot (4.8)
According to ( , ), the denitrification of nitrate nitrogen in
the subsurface can be approximated in large-scale simulations by using a linear
decay equation, where the denitrification rate A [d~!] is a function of temperature,

carbon and available oxygen. Then the change in subsurface nitrogen can be
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described as:

dN,

d—tt - dNtﬂ'n - dNt,out - )\dNt (49)
Assuming in addition that the system is linear, and the actual amount of nitrate
nitrogen can be expressed as a function of output dN,,; and a storage constant

or mean residence time K (d):

Ny = KNy out, (4.10)
we can substitute IV; by Ny o
dNt out dNt in dNt out dNt in 1
— = — — — — AN out = — — | — 4+ A Neow 4.11
dt K K bow = T (K * > bout - (411)

Therefore, the full retention in a landscape is a function of mean residence time
of nitrate N in the subsurface and the denitrification potential (expressed by \) of
its hydrotopes. K has the dimension of time in days d, and the retention constant
A the dimension of d~!. The underlying two basic simplifications of this linear
approach are an assumption of a perfect mixture of the water volumes during the
subsurface flow path by diffusion and dispersion, and an assumption that K and
A are normally distributed. Equation 4.11 is an inhomogeneous linear function

of first order and can be further resolved as:

1

Nou =N, mT . o
tout At, 11 KA

(1= e FRIA) N e () (4.12)
where K is the mean residence time of water needed to flow from the specific
hydrotope to the surface water system, and [In(2)/)\] is the subsurface half-life
time of nitrogen typical for the specific geological formation ( ,

). Since SWIM distinguishes between nutrient fluxes with surface flow, in-
terflow and base flow, each having different retention characteristics (residence
time, oxygen and carbon content of the sediments), they all can be described by

the same Equation 4.12 with the flux-specific parameters.

Water and nutrient uptake by plants from groundwater

Plant uptake of water and nutrients from groundwater is only possible when

the plant roots have access to it, and under the condition that water and/or
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nutrient demand cannot be satisfied by soil water and nutrient content. The
additional uptake is further limited to the amount of water and nutrients flowing
through the specific hydrotope. The access of plant roots to groundwater and
nutrients in groundwater is controlled by resistance functions (Equations 4.13 -
4.15). The parameter of the resistance function for water uptake was estimated
using lysimeter data of ( ) for comparable wetland soils from a
neighboring catchment, where GW,,,,, (mm d=') is the maximum uptake from
groundwater, GW,,,, (mm d~') the actual uptake, h the groundwater table height
in m and ryw the resistance parameter with values from 0 to 1 to adjust the

uptake:
GWipa = TguGWaypm  1f plant root length > water table depth (4.13)

GWypa = 0 elsewhere, with (4.14)

Fgw = 0.001h + 1.3 (4.15)

The resistance function for nitrogen uptake from groundwater is more simply,

because of the lack of detailed data to adjust the relevant processes:
Ngwype = 1o N gWypm if plant root length > water table depth (4.16)

Ngwyp, =0 otherwise, (4.17)

where Ngw,,, is the actual N uptake from groundwater, N gw,,,, the maximum
N uptake, and r, the resistance parameter, which combines different processes
affecting plant uptake of nitrogen. The absolute amount of possible daily uptake
per hydrotope is limited to the amount of nutrients flowing through the hydrotope

as calculated using the flow accumulation method described in the next section.

Estimation of additional parameters

In order to implement the model extensions, we have to estimate the new model
parameters described above. These parameters are important for lateral water
flow and nutrient retention, and could be treated as constants having only minor
changes over long time periods that can be ignored in the modeling framework.

They can be estimated during the data preprocessing using Geoinformation Sys-
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tems (GIS) functions like the flow path method and maps of the geo-hydrology
and groundwater contours. The flow path method calculates, for each cell, the
least-accumulative-cost distance over a cost surface (groundwater contour map)
from a source cell or a set of source cells (the hydrotopes) while accounting for
surface distance and horizontal and vertical cost factors (e.g. travel times per

horizontal unit, see Equation 4.19).

The distance L to the next river (used in Equation 4.7) was calculated follow-

ing the gradient in groundwater table to the next river or lake:

L=> dz (4.18)
=1

with dz in m being the size of a spatial unit z and n the number of spatial units
flowed through. The mean residence time K in days (used in Equation 4.12) is
a function of permeability, porosity, real flow path and gradient in groundwater
table for subsurface flow and the gradient in topography and Manning’s roughness

for surface flow. It can be calculated using the seepage velocity v, (m d!)

( S ke
Vs (2) = _T(Z) (4.19)

—~ d(z)
K = 4.20
20 420
=1
where k in m d~! is the hydraulic conductivity of the spatial unit z J the dimen-

sionless hydraulic gradient, and S the specific yield.

The mean denitrification A (used in Equation 4.12) has been calibrated using
values taken from ( ) for the Elbe region as initial values.
Additional calibration was necessary because of the lack of detailed information
about the parameters necessary to calculate A (redox potential and carbon con-
centration of the catchment sediments). Generally, the sediments in the Nuthe
basin have high pyrite concentrations and therefore good denitrification condi-
tions, with a half-life time of nitrate of between 1 and 3 years ( ,

), which corresponds to A values of between 6-10* d! and 2-10% d-!.

The maximum uptake was calculated using the flow accumulation method
which calculates the amount of substances (e.g. nutrients, sediments) flowing

through a spatial unit of the catchment following the groundwater gradient. The
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proportion of the long-term average nutrient discharge per wetland hydrotope to
the long-term total nutrient discharge in wetlands gives the share of the possible
daily uptake by plant roots per hydrotope as defined by Equation 4.16.

It is assumed that the values discussed above have only small changes in time
but no increasing or decreasing trend (steady state conditions over a long time
period). This is certainly true for geo-hydrological parameters like porosity and
permeability, which can only change over geological time scales, but fluctuations
in the groundwater table and therefore the gradient in groundwater have more
pronounced dynamics. However, the changes in groundwater gradient are nor-
mally very small and the mean residence time of groundwater flow is very large
(e.g. on average 40 years in our study area), therefore the small reversible changes
in groundwater gradient are negligible. In addition, these parameters affect only
the steepness of the recession curve of groundwater table and nutrient concentra-
tion, but the actual values are calculated by SWIM on a daily time step based
on groundwater recharge and nutrient leaching from soil. Following this assump-
tion, calculation of the relevant retention parameters for lateral flow during the
data preprocessing allows computation time to be saved while considering the

fundamental hydrological processes in a physically sound way.

4.3 Results and discussion

4.3.1 Hydrology

The first step of the modeling procedure was to adjust the groundwater fluctu-
ations at the hydrotope level. This was done by comparing the simulated mean
annual water table of the subbasins in the Nuthe catchment against the observed
mean annual water table. The calibration was done automatically by changing the
transmissivity in a physically sound range, based on the geo-hydrological informa-
tion (between 10 m d~! for the layers having low transmissivity and 60 m d~! for
the layers with high transmissivity (see , ; , ). After
adjusting the transmissivity, it was found that the simulated daily amplitude of
groundwater table changes was too high for several hydrotopes. The groundwa-
ter dynamics were corrected by a moderate increase in the value of specific yield,
whereby the range of specific yield is about 3 % for the layers with low and about
20 % for the layers with high porosity ( , ). The Mean Absolute Error
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Figure 4.3. Comparison of observed and simulated groundwater table for nine obser-
vation wells in the Nuthe basin (locations are shown in Figure 4.1).

of the observed long-term mean against the mean simulated water table in all
subbasins was 0.026 m. The dynamics of the simulated water tables in terms
of rising and retention periods were not calibrated. The amplitudes are smaller
close to the river system and become larger with increasing distance from the

drainage base.

A comparison of observed and simulated groundwater levels for nine points
is depicted in Figure 4.3. The locations of the observation wells were selected
in order to represent a cross section through the basin from the lowland in the
north to the hilly area in the south. Well 1 is located close to the outlet of
the Nuthe river catchment. The curves show a good fit, especially for the early
1980s. However, the rise of the groundwater level in 1987 and 1988 is slightly

overestimated by the model in subbasins 2, 7, 8 and 9. As explained earlier, the
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Figure 4.4. Comparison of the observed and simulated daily river flow (Babelsberg
gauge) using the new module.

flow regime in the Nuthe basin is regulated by weirs and gates, and especially in
the lowland areas the water level is controlled by land drainage. These small-scale
regulations are not considered in the model. Notable is also that the simulated
groundwater hydrographs are very similar, whereas the observations show more
differences. The higher variability in the observed water levels is presumably
the result of small-scale heterogeneities in the aquifer and of local precipitation
events, which are missing in the observed records. A better fit would be possible
by considering more accurate small-scale data and also additional management
information. However, this was not the objective of the study. On the contrary,
the study aimed at showing that a simplified model approach provides satisfactory
results using commonly available data. The simulation results confirm that the
introduced groundwater module in SWIM is able to reproduce the observed water
table dynamics in the basin satisfactorily enough to serve as the lower boundary
condition for plant water and nutrient uptake.

The long-term difference between the observed and simulated runoff is +1.0 %
for the calibration period 1981 - 1988, and +6.0 % for the validation period 1989
- 2000, indicating that the water balance is correctly calculated by SWIM with
some problems in the validation period. The daily Nash and Sutcliffe efficiency
( : ) is 0.7 for the calibration period and 0.54 for the val-
idation period. Figure 4.4 shows a comparison of the observed and simulated
river discharge at the outlet of the basin for 1998 - 1999. Unrecorded small-scale
water management and regulation measures of the natural river flow regime in

the basin make it difficult to reproduce the hydrograph with higher accuracy. It
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is remarkable that the summer discharge in some years is overestimated by the
model (compare with Figure 4.4). This can be explained by unrecorded water
abstraction for irrigation and by flow regulation measures aimed at maintaining
a minimum river level in dry summers through ponding so that the river flow
is interrupted and the river discharge decreases. Unrecorded water abstractions
may also explain the model’s overestimation of river discharge in the validation
period, which was significantly dryer than the calibration period. According to
simulation results, the additional plant water uptake from groundwater by plants
in wetlands with groundwater contact during dry periods is up to 350 mm a*
(less in wet years). At the basin scale, and specifically in the Nuthe basin, this
additional water uptake contributes about 12 % of the total evapotranspiration
and leads to about 49 % lower contribution to river runoff (for the time period
1990 & 2000). Despite the inherent uncertainty and difficulties of validation,
this model outcome underlines the significant impact of a relatively small area
(about 27 % of the total basin area, depending on the water table depth) on the
water balance of the total catchment, especially in lowland basins with shallow

groundwater table, and the importance of taking these processes into account.
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Figure 4.5. Uncertainty of the simulated water balance in the basin (the long-term
difference between simulated and observed discharge: dark gray - 50 % of the
simulations are included; light grey - 90 % are included).

The uncertainty of the model results is relatively high because of high uncer-
tainty in the input data (soil parametrization, geo-hydrology, topology etc.), and

the unrecorded water management measures. This is illustrated in Figure 4.5,
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where the uncertainty of the water balance (in terms of the difference between the
long-term simulated and observed river runoff) is plotted. The uncertainty analy-
sis is based on a conditioned Monte Carlo simulation using the Latin Hypercube
method ( , : , ). The analysis took into account 20
parameters responsible for different aspects of the input data (e.g. soil conduc-
tivity, maximum leaf area index), and describing different hydrological processes
in the model (surface runoff, residence time), and 8 parameters responsible for
nitrate uptake and retention. 300 simulations have been carried out, whereby
the variation of the 28 parameters was allowed within their physically plausible

range (see Annex B).

4.3.2 Nitrogen dynamics

Nitrogen input in arable soils of the Nuthe basin considered in the model consists
of fertilizer applications (about 150 kg ha a™! for winter wheat, 120 kg ha™ a™!
of that in the form of mineral fertilizers), atmospheric deposition (about 25 kg
ha't a!), and plant residue decompositions after harvesting. Information on crop
rotations and scheduling and amounts of fertilizers in the basin was taken from
regional statistics. The nitrate N concentration in the Nuthe river during the
1980s was strongly influenced by point sources (municipal waste water and even
direct discharge of liquid manure into surface water) and sewage filtration fields in
restricted areas ( , : , ). The existing
records for this period are vague and incomplete, therefore our simulations were
performed for the 1990s (see comparison in Figure 4.6), when the impact of point
sources was limited due to the improvements of waste water treatment and other
measures (see Table 4.1). The sewage fields were in full operation until 1988-89.
The comparison in Figure 4.6a shows that the periodicity and amplitude of
the observed values is mostly well reproduced by SWIM, although there are some
differences. Better reproduction is however practically impossible because of the
imprecise nature of information on crop rotations, fertilisation regime, etc., as
well as the absence of information on flow regulation by dams and weirs and
the influence of drainage systems. The mean residence time of nitrate N fluxes
with groundwater for the whole basin estimated using GIS and Equation 4.20 is
41 years, with a maximum of approximately 400 years. The values are in good

agreement with other estimates ( , ), where the nutrient loads
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Figure 4.6.
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and retention in the lowland catchments of the Elbe basin were evaluated. The
calibrated value for the parameter of denitrification in groundwater X is 0.003

d!, which means that the half-life time of nitrate in groundwater is 231 days.

Figure 4.6b gives an overview of nitrate N pathways to the river outlet. One
can see that the baseflow flux of N prevails in summer, whereas the winter (high
water period) peaks are formed by a high interflow N concentration and a baseflow
flux of N. Although groundwater recharge is the dominant water flow generation
process and nutrient transport component in the Nuthe basin, only about 50 %
of the nitrate N in the river outlet is transported with the base flow. The reasons
are the high denitrification rate, and the long residence time in the aquifer. The
base flow component is smoothed, with some small peaks which are generated
by riparian hydrotopes located close to the river and having a shorter residence
time. Nitrate N transported by interflow shows a greater dynamic, mainly due
to shorter residence times. The nitrate retention rate in the groundwater of the
Nuthe catchment is 99 % + 1 % and in interflow 96 % 4+ 2.5 %, in other words
in total about 99 % of the nitrate leaching to groundwater and about 96 % of
nitrate transported by interflow is denitrificated during the flow to the subsurface
water system. The result for the total nitrate retention in the Nuthe basin is
supported by ( ) as well as by a simple balance equation
taking into account inputs by fertilisation and deposition and annual river load.
These retention values are the spatio-temporal average values for the total Nuthe
basin, which may vary from year to year and from site to site. They do not
mirror the spatial heterogeneity in the basin as it is considered in the new model
concept, where hydrotopes located close to the surface waters contribute much
more to the river nitrate load due to the shorter residence time of water than

hydrotopes located further away (see also Figure 4.8d-f).

Figure 4.6¢ shows the uncertainty of the simulation results (expressed as
the 90 % confidence interval around the calibrated values, based on 300 sim-
ulations with varying parameters). The uncertainty was estimated using the
same methodology as for the water balance, but including 8 more parameters de-
scribing the mean residence times and retention parameters for the different flow
components. It is obvious that the uncertainty in the simulated nutrient fluxes is
high, with an asymmetrical distribution around the median. The uncertainty is

higher for peaks than for lower concentrations, indicating that the model is able
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Figure 4.7. Comparison of simulated and observed nitrate N concentration with and
without plant water uptake from groundwater.

to predict satisfactorily the base flow component (the long-run behaviour), but
has problems in reproducing correctly the short-run behaviour, where the model
parameterisation is crucial. It is therefore likely that the model would have diffi-
culties to simulate the peak concentrations without observed data for calibration
and accurate management data, for example under scenario conditions or in un-

gauged basins. However the model performance in dry periods is more reliable.

Figure 4.7 illustrates the impact of the model extension described in Section
4.2.3, when additional nitrate N uptake by plants from groundwater is considered
in riparian zones and wetlands. The differences are the highest during the summer
season, when plant N demand is high and can therefore not be satisfied only by
N in soil water. The differences become negligible by the late autumn. The long-
term decrease in annual river nitrate N load due to additional plant uptake from

groundwater is about 21 %.

Figure 4.8 shows six maps demonstrating nitrate N dynamics in the Nuthe
basin: nitrate N input by fertilisation and atmospheric deposition, leaching from
soil layers by groundwater recharge and interflow, plant uptake from soil, plant
uptake of nitrate N from groundwater, and nitrate fluxes generated at a specific
site that actually reach the surface water system by base flow and direct flow

(surface and interflow) in kg ha™ al.
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Figure 4.8. Nitrate N dynamics in the Nuthe basin: nitrate N input by fertilisation
and atmospheric deposition (a), nitrate N leaching from soil columns by ground-
water recharge and interflow (b), plant uptake of nitrate N (c), nitrate N flux from
a specific site to the river transported by interflow and surface flow taking into
account retention (d), nitrate N flux from a specific site to the river transported by
base flow taking into account retention (e), plant uptake of nitrate N from ground-
water in wetlands and riparian zones (f).

Figure 4.8b allows detection of areas responsible for groundwater pollution,
maps 4.8e and 4.8f indicate areas responsible for the pollution of river water.
For example, the till soils in the southern part of the catchment generate high
amounts of nitrate N leaching, which are then transported by interflow to the river
system, whereas transport by groundwater is negligible in this area. Generally,
areas located closer to surface waters contribute more to the river nitrate load
than areas further away, due to the shorter transport time and therefore lower
denitrification intensity. The amount of additional plant nitrate N uptake from
groundwater in wetlands is not particularly high compared with the total plant
N uptake (up to 160 kg ha' a'). The additional nitrate N uptake is about
1 % of the total N uptake, however this leads to a reduction of the total river
nitrate N load of about 22 %. The reason for this is that the additional uptake
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happens mostly in riparian areas close to the surface water system, where the
largest part of the nitrate N transported from upper parts of the catchment is

already denitrified.

4.4 Conclusions

Using the extended model, which includes representation of retention and riparian
processes in the catchment, it was possible to analyze the impacts of wetlands
and riparian zones on water and nitrogen dynamics, and to reproduce the spatial
heterogeneity of water and nitrate retention in the Nuthe basin. The spatial scale
considered (about 2000 km?) is relevant for water management planning and for
the implementation of the Water Framework Directive. The aim was thereby
to find modeling solutions which are physically sound but simple enough to be
applied at the river basin scale using regionally available data.

The reliability of the model results was tested using the contour maps of
the long-term mean water table, observed groundwater level data and observed
river discharge and nitrogen concentrations. Additional small-scale validations
were carried out in a parallel study by comparing the simulated results with
observations from lysimeter experiments ( , ), and under well-
defined boundary conditions by comparing the SWIM results with those from
a two-dimensional numeric groundwater model under steady-state and transient
conditions. Since the accuracy of the regionally available input data (soils, geo-
hydrology, land use, crop rotations, application of fertilizer) is rather poor, special
attention was paid to the assessment of uncertainty propagated by the model.

The model structure allows the fundamental processes relevant for water and
nutrient flows and retention in catchments to be considered, with a focus on
wetlands and riparian zones. The model results and especially the small-scale
spatial distribution of nutrient fluxes could be improved by using more accurate
data on crop rotations and fertilizer application regimes. The results show that
riparian zones and wetlands are important buffer systems influencing the water
balance and are able to reduce eutrophication in surface waters. The riparian
zones, although relatively small subareas of the total catchment area, have a
significant impact on the water and nutrient balances in the catchment. For the

Nuthe basin in the period 1990 - 2000 the additional evapotranspiration was about
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12 % (of the total evapotranspiration in the whole catchment), and additional
nitrate uptake was about 1 % (of the total nitrate uptake in the whole catchment),
leading to a decrease in river discharge of about 49 %, and to a decrease in annual
river nitrate load of about 22 %, although the results are associated with high
uncertainty. The impact of riparian wetlands is so significant because they are
at the interface between upper catchment areas and surface water systems, with
the transported nutrients from arable fields passing through them on their way to
the river, and because these areas have a connection to groundwater. The larger
part of nitrogen applied as fertilisers or mineralised in soil is volatilised during
the subsurface passage, and a notable part of the remaining nitrate concentration
is taken up by plant roots located in riparian zones.

The restoration and management of wetlands therefore has high priority in the
control of non-point source pollution of surface waters. However, the impact on
the local water balance has to be considered in the river basin planning process.
Only about 24 % of the annual rainfall in the Nuthe basin reaches the basin
outlet in terms of river discharge (Table 4.1), and small changes in evapotranspi-
ration have a large influence on the total amount of river flow. The restoration
of wetlands will lead to increased water losses by evapotranspiration, crucial in
a region where river discharge during the summer season is only possible by wa-
ter regulation through dams and weirs, and where a trend towards lower annual
precipitation has been observed during the last decades. It follows that water
managers have to find a balance between water quality and water quantity as-

pects in the process of river basin planning and management.
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Abstract The Elbe region is representative of humid to semi-humid land-
scapes in Central Europe, where water availability during the summer season is
the limiting factor for plant growth and crop yields, especially in the loess areas
with high crop productivity, where the annual precipitation is lower than 500 mm.
This study tries to assess the reliability of water supply in the German part of
the Elbe river basin for the next 50 years, a time-scale relevant for the implemen-
tation of water and land use management plans. A global scenario of climate and
agro-economic change has been regionalized to generate transient climate forcing
data and land use boundary conditions for an eco-hydrological model integrating
hydrology, nutrient transport and vegetation growth at the catchment scale. The
model is used to transform the climate and land use changes into altered evapo-
transpiration, groundwater recharge, crop yields and river discharge. Particular
emphasis was given to assessing the significance of the impacts on the hydrology,
taking into account in the analysis the inherent uncertainty of the regional cli-
mate change as well as the uncertainty in the results of the model which is used
to assess the impacts.

One climate anomaly of the region is that both the observed and the projected
trend in precipitation differ from the anticipated global trend. The average trend
of the regional climate change scenario indicates a decrease in mean annual pre-
cipitation up to 2055 of about 1.5 %, but with high uncertainty (covering the
range from -15.3 % to +14.8 %), and a less uncertain increase in temperature of
approximately 1.4 K. The relatively small change in precipitation in conjunction
with the change in temperature leads to severe impacts on groundwater recharge
and river flow. Increasing temperature induces longer vegetation periods, and the
seasonality of the flow regime changes towards longer low flow spells in summer.
The uncertainty of the trend is particularly high in regions where the change
is the highest. The concluding result of the study is that natural environment
and communities in parts of Central Europe will have considerably lower water

resources under scenario conditions.

5.1 Introduction

Major advances have been made in atmospheric modeling and in the understand-

ing of climate processes and climate change ( , ). The increase
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in global surface temperature leads to higher evapotranspiration rates and higher
amounts of atmospheric water vapor, and an increase in precipitation is likely to
affect large areas in the tropics and at higher latitudes. Increased climate vari-
ability is already being observed, although there are still large uncertainties about
the causal connection to climate change ( ) ). The impacts are
wide ranging, but the relevance for water and land management and terrestrial
ecosystems, where climate is one of the most dominant boundary conditions, is
obvious and profound ( , ). Floods, droughts and other extreme
events add to the problems water managers face from population growth, urban-
ization and land use changes ( , ). Measures that enhance
both ecological and human social resilience in vulnerable settings are, accordingly,
crucial for mitigating the growing risk of climate change and climate-related dis-
asters. Nevertheless, typically the implications of climate variability and climate
change have not been considered in current water and agriculture policy and
decision-making frameworks.

There have been numerous studies on the potential impacts of climate change
on water resources and agriculture over the last decade (for example (

, ); a review on climate change, climate models and water resources
management can be found in ( , ). However, in most studies
the climate change impact was investigated for the hydrological regime, land
use and agriculture separately, applying different and incompatible tools, and
without addressing the possible feedbacks and inherent uncertainty of the results
( , ). This study tries therefore to

e develop and apply a transient climate and land use change scenario which is
consistent in terms of its climate and socio-economic boundary conditions,

and takes feedbacks into account.

e investigate and quantify the climate and land use change impact on water
resources in a region where the per capita water supply is very low, and
where the water availability is the main constraint for vegetation growth

and crop yields.
e quantify the uncertainty of water resources availability.

The uncertainty induced by the climate change scenario has to be considered
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because the climate system of the earth, of which human activities are one part,
is highly nonlinear and hence future trends are hard to predict ( : ).
To tackle this problem, the Intergovernmental Panel on Climate Change (IPCC)
defined several scenarios of future developments in order to investigate their im-
pacts on the earth system ( , ). One tool that is widely used
to analyze the impacts of these scenarios on the climate are global circulation
models (GCMs). However, GCMs are designed to work on the global-scale and
are unable to reproduce the small scale variability of climate characteristics in
space and time due to their coarse spatial resolution and to the uncertainty of
their results at time-scales of days and for variables such as radiation (clouds) and
precipitation ( , ). This is crucial, because floods and droughts
are generated at the scale of river basins. In addition, the regional climate trends
may differ from the global trend ( : ). For example, the assump-
tion of increasing precipitation in future does not apply to all areas of the earth.
Due to possible changes in circulation pattern and local orographic conditions the
amount of precipitation will most likely even decrease in some regions in future,
, 1997).

For this reason this study takes into account regional characteristics, using cli-

e.g. in parts of Central and Eastern Europe (

mate forcing data produced by a statistical downscaling method to disaggregate

the GCM simulation output to the regional catchment scale (

, 2005).

Although the downscaling process helps to tune the global climate change sce-
nario to the regional climate characteristics, uncertainty remains. Nevertheless,
investigations of future climate change impacts have up to now mostly considered
a climate scenario as a new boundary condition and applied it as input in hydro-
environmental modeling as if were observed (hard) data ( ) ;

, ). To overcome this problem, the regional climate scenario
applied in this study is based on a conditioned Monte Carlo simulation, such
that the set of future climate realizations covers the possible range of climate
change under scenario conditions in the Elbe region. Special attention was given
to two scenario realizations: one is based on the observed precipitation change
for the period 1951-2000 and is the most reliable climate extrapolation for the
total basin, and the second is the most reliable extrapolation for the Magdeburg

climate station, located in the center of the loess region, the area having the
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highest agricultural productivity.

The second boundary condition subject to global change and important for
the water balance of a landscape is the local land use pattern ( , ).
The land use scenario used in this study has been derived assuming that changes
will mainly affect agriculture. Both the anticipated trend in global agricultural
economics and the trend for crop yields under climate change were integrated
in develop of the land use scenario, with feedbacks between climate change and
vegetation growth being taken into account to assure consistency in the climate
and land use scenario. The description of the methodology to derive the land
use scenario and the illustration of climate change impacts on crop yields are the
topic of a complementary article ( , ). A brief introduction
to the scenario generation and the associated model setup is given in section
5.2.1.

The eco-hydrological model used to analyze the impacts of changes in climate
and land use on hydrology and crop yields is the model SWIM (Soil and Water
Integrating Model, , ). It was chosen because it combines all
major eco-hydrological processes at the meso- to macroscale, which are important
for land use and climate change impact studies, such as hydrology, vegetation,
erosion and nutrient dynamics ( , ). The approach allows
simulation of all interrelated processes within a single model framework using
regionally available data. SWIM was validated in the Elbe river basin for the ref-
erence period (1951-2000) and has proven to be able to reproduce the observed
hydrological characteristics as well as the regional crop yields ( ,

; , ). SWIM is used to propagate the inherent
uncertainty in water supply under climate change caused by the uncertainty in
the climate input data (the regionalized GCM output), whereby SWIM trans-
forms the change in climate into altered hydrological quantities. The results are
statistically analyzed and compared against the results of the reference period as

well as results of relevant studies recently published.
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5.2 Material and methods

5.2.1 The modeling strategy

The aim of the project was to assess the reliability of water supply and crop yields
in the German Elbe river basin for the next 50 years, whereby this study focuses
on changes in water resources. It was decided to use a scenario where the driving
forces, climate as well as land use changes, are consistent and based on the same
IPCC story-line. The GCM simulation run selected to apply in the study was
produced by the coupled atmosphere-ocean model ECHAM4-OPYC3 (

, ), which was driven by the IPCC SRES emission scenario Al. This
section will give a brief description of the modeling procedure applied to develop
the regional scenario, which was the basis for the estimation of the water supply
and crop yields under global change in the study area.

The regional climate change scenario was derived using the statistical down-
scaling model STAR (STAtistisches Regionalmodel,

( ) (1 in Figure 5.1), based on the assumption that the most reliable result of
GCM model simulations is the trend in temperature. Long-term transient time
series of the possible future climate (2000 - 2055) were calculated in such a way
that they reflect the temperature changes calculated by the GCM in the given
scenario as well as the observed regional climate pattern. The IPCC temperature
scenario selected gives a rather moderate temperature increase of approximately
1.4 K up to 2050. The anticipated scenario increase in temperature can be -
due to the robustness of the temperature signal with only small differences of
temperature increase in the different IPCC scenarios up to 2050 - regarded as
representative for the model region and different scenarios (

, ).

The stochastic character of the possible climate change in the region was taken
into account in the scenario derivation by incorporating a conditioned Monte
Carlo approach in the downscaling process and producing 100 realizations. They
cover the possible range of climate change under various scenario conditions in the
German Elbe basin. Due to the method used each of the realizations maintains
the basic statistical characteristics, in this case consistency in frequency distri-
bution, annual and inter-annual variability and persistence of the main climate

characteristics. The results were tested by comparing the values for the reference
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Figure 5.1. Flow chart of the modeling procedure.

period and the scenario period. Afterwards, the most probable realizations were
determined by comparison with the observed trend in the reference period. For
further details about the regional climate model STAR and the development of

the regional climate scenario see ( ).

The next step was to derive a land use change scenario consistent with the
socio-economic story-line of the regional climate change scenario. This was done
based on the assumption that land use changes in the Elbe basin will mainly
affect arable land. Following this assumption, the eco-hydrological model SWIM
was used to calculate potential crop yields under climate change for the nine main
crops cultivated in the study area (point 1 in Figure 5.1). The climate change
scenario taken was the most probable variant of the 100 scenario realizations
produced by STAR. The crop yield simulation included a fertilization effect of a
continuously increasing atmospheric carbon concentration from 346 ppm to 456
ppm ( , ). The results represented one input for the regional
agro-economic model RAUMIS (Regionales Agrar- und Umweltinformationssys-
tem fiir Deutschland, , ). They were used by RAUMIS
to optimize the potential operational income of farmers in the study area under
climate change and to calculate corresponding county specific crop distributions
(land use scenario variant A) (2 in Figure 5.1). The second input was given by

global crop market conditions as defined by the underlying IPCC storyline and
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produced by the global agro-economic model WATSIM (von Lampe 1999). This
input was used by RAUMIS to optimize the potential operational income of farm-
ers under socio-economic change in a second land use scenario (land use scenario
variant B). The spatial aggregation level of the simulations is the administrative
level of counties. For more information about the models WATSIM and RAUMIS

and the development of the land use scenario see ( , ).

The county-specific crop distributions derived by RAUMIS had to be trans-
formed into crop rotations for each spatial element considered in the eco-hydro-
logical model SWIM (3 in Figure 5.1), which are much smaller than the average
county area, and which are not defined by administrative boundaries but delin-
eated on the basis of information about the environmental characteristics of the
basin (the so called hydrotopes, see next section). A crop generator was developed
and implemented in SWIM to disaggregate the county-specific crop distributions
and to calculate crop rotations for each hydrotope under the constraint that the
simulated crop distributions in the catchment agree each year with the county
statistics ( , ). This was done for seven soil fertility classes,
whereby the commercially more valuable crops with generally higher nutrient and
water demand were allocated to areas with fertile soils and vice versa, as recorded

in the local crop statistics.

The final step was to transform the regional climate and land use change
into altered hydrological quantities (5 in Figure 5.1). This was done by running
SWIM 100 times, each time forced by another realization of the climate change
scenario, and with the land use scenarios as spatial boundary condition. For
technical reasons (modeling performance) and considerations of quality assur-
ance, this procedure was performed automatically. The climate (observed and
100 realizations) and land use data were stored in a database, and an interface
has been developed which organizes the data exchange between data base and
eco-hydrological model, the preprocessing of the climate data (selection from
the database, interpolation of the data and transformation into the input for-
mat of the eco-hydrological model) and the land use data, the 100 runs of the
eco-hydrological model and the post-processing of the results (aggregation and
statistical analysis). The automation simplifies the problem analysis and error
detection and allows a fast repetition and reproduction of each single step of the

modeling procedure.
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5.2.2 The SWIM model

The SWIM model integrates the relevant hydrological processes to investigate
the impacts of climate changes like water percolation, surface runoff, interflow,
groundwater recharge, plant water uptake, soil evaporation, and river routing.
SWIM is based on two older model developments, the basin scale eco-hydrological
model SWAT (Soil and Water Assessment Tool, , ), and the re-
gional model MATSALU ( : ). A three-level scheme of
spatial disaggregation from basin to subbasins and to hydrotopes is used. A
hydrotope is a set of elementary units in the subbasin which have the same geo-
graphical features like land use, soil type, and average water table depth. There-
fore it can be assumed that they behave in a hydrologically uniform way. Water
fluxes, plant growth and nitrogen dynamics are calculated for every hydrotope on
a daily time step, where up to 10 vertical soil layers can be considered. The out-
puts from the hydrotopes are aggregated at the subbasin scale, taking water and
nutrient retention into account. The lateral fluxes are routed over the river net-
work, considering transmission losses. A comprehensive description of the model
can be found in ( : ). An extensive hydrological valida-
tion of the model in the Elbe basin including sensitivity and uncertainty analysis
is described in ( ). In order to illustrate the structure of
the model, the main hydrological processes in SWIM are briefly listed below and
shown in Figure 5.2.

The ( ) method is used to estimate the potential evap-
otranspiration. Soil evaporation and plant transpiration are calculated as func-
tions of leaf area index LAI using the approach of ( ). The snowmelt
component of SWIM is a simple degree-day equation.

Surface runoff is determined using a modification of the Soil Conservation Ser-
vice (SCS) curve number technique. Water which has infiltrated into the soil, per-
colates through the soil layers using a storage routing technique ( , ).
The water percolated from the bottom soil layer, which reaches the groundwater
table with some delay time, is defined as groundwater recharge.

Lateral subsurface flow or interflow is calculated simultaneously with perco-
lation using a kinematic storage model. Interflow occurs in a given soil layer, if
the soil layer below is saturated. Flow routing in the river network is calculated

using the Muskingum flow routing method ( , ), where a continuity
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equation is assumed.
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Figure 5.2. The hydrological processes of the SWIM model including the parameter
demand.

The equations for groundwater flow and groundwater table depth were derived
from Smedema and Ryceroft (1983), assuming that the variation in return flow is
linearly related to the rate of change in water table height. A simplified EPIC
approach (Williams et al.; 1984) is included in SWIM for simulating arable crops
(like wheat, barley, rye, maize, potatoes) and aggregated vegetation types (e.g.
'mixed forest’), using specific parameter values for each crop/vegetation type.
The potential increase in biomass is adjusted daily if one of the plant stress factors
is less than 1, considering stresses caused by water, nutrients and temperature.
The water stress factor is calculated by comparing water supply in soil and water
demand, assuming that about 30 % of the total water comes from the top 10 %
of the root zone. The approach allows roots to compensate for water deficits in

certain layers by using more water in other layers with adequate supply.
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5.2.3 The basin under study

The Elbe river is the most easterly of the large rivers that flow into the North
Sea. The total Elbe basin has a catchment area of 148,268 km?. The German
part of the Elbe, where the model was applied, covers 80,256 km? from the Czech
border to Neu Darchau, the most downstream gauge station not influenced by
the tide of the North Sea (see Figure 5.3), and an additional 16,148 km? in the
inter-tidal zone or drained by rivers influenced by the tide. The total length of
the Elbe river is 1092 km; 728 km of that is in Germany. About 52 % of the
catchment area are covered by arable land, 29 % by forest, 6 % by settlements

and industry and 5 % by lakes, mining pits and other land use forms.

The Elbe and its estuaries are regulated by 273 dams for flood protection
and freshwater supply. Despite flood protection measures, several extreme floods
occurred during the last few decades in the region, culminating in the disastrous
August 2002 flood in the Elbe basin. The flood was caused by a low pressure
system called Vb ("five b”), a circulation pattern that is known to produce heavy

and intensive rainfall in Central Europe ( , ).

Climatically, the Elbe basin is one of the driest regions in Germany, with mean
annual precipitation below 500 mm in the lee of the Harz mountains (western
part of the basin), where the loess plains with high agricultural productivity
are located. The long-term mean annual precipitation over the whole basin is
659 mm in the period 1951-2000 (corrected), and the long-term mean discharge
at the estuary is 877 m® s with an average inflow from the Czech Republic of
315 m? st ( , ). The per capita water supply is only 680 m?® a*,
one of the lowest in Europe. The average per capita water supply in Germany
is ca. 2200 m? a!, with approximately 1370 m?® a™! in the Rhine basin and 4300
m® a! in the German Danube basin ( , ). The per
capita water demand in Germany is 495 m? a™!, about 14 % of it being for public

freshwater supply.

Over the last two decades, decreasing water levels in rivers and groundwater
have been observed in the lowland parts of the basin. Groundwater recharge,
especially, is extremely sensitive to changing conditions of climate and land use,

since it represents the residual of the water balance ( , ).
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Figure 5.3. The German part of the Elbe basin.

Hydrologically, the area can be subdivided into three main subregions (see
Figure 5.3): (1) the mountainous area in the south, approximately 20 % of the
total area, (2) the hilly mountain foreland, predominantly covered by loess soils
(approximately 28 %), and (3) the undulating northern lowlands, approximately
52 % of the total area (see Figure 5.3).

The northern lowlands are formed by mostly sandy glacial sediments and
drained by slowly flowing streams with broad river valleys. They have a low
agricultural productivity and water holding capacity. The soils in the loess region,
chernozems and luvisols, are mostly loamy and tend to have layers with low water
permeability, so that in areas with higher slopes floods are generated, namely in
the Saale and the Mulde tributaries. The sediments normally have high field
capacities and nutrient supply, and therefore the loess subregion is an area with

very intensive agricultural land use. The soils in the mountains, mainly thin

130



5.2 Material and methods

cambisols, are formed by weathering products and redeposited rocky materials.

The mountainous areas are often covered by forests and grassland.

5.2.4 Input data and data pre-processing
Spatial data

Subbasin boundaries were provided by the German Federal Environmental Of-
fice (UBA) and partly subdivided into 262 subbasins, using a digital elevation
model (DEM) and a geoinformation system (GRASS). In addition, 12 mesoscale
catchments of the Elbe river basin were selected and modeled separately to get
a better understanding of the hydrological behavior of the main subregions of
the whole basin. They were disaggregated into 20 - 120 subbasins, depending on
their total catchment area ( ) ).

The land use map was created using the European CORINE land cover map
( : ). The original 44 land use classes were reclassified
into 15 classes ( : ).

Soil information was taken from the soil map of the Federal Republic of Ger-
many (scale 1:1,000,000). The map distinguishes between 72 different soil types.
Each soil type has up to 8 different layers. Together with the soil map, physical
parameters for each layer like saturated conductivity, texture classes, porosity,
bulk density, humus and organic nitrogen content are provided.

In order to validate the model results with observed runoff data during the
reference period, the observed flow from the Czech Republic (gauge Schéna) was
added to the one calculated by SWIM and then routed through the subbasins to

the outlet of the river basin.

Observed climate data

There are 84 stations located in and around the Elbe basin where climate in-
formation is measured, and 285 additional rain gauge stations. Before 1950, the
time series are partly incomplete or interrupted. Therefore, continuous time se-
ries from 1951 to 2000 have been taken for trend analysis and model validation.
The period 1951 to 2000 is referred to as the reference period. Table 5.1 sum-
marizes the climate characteristics of the main geographical regions in the basin,

the mountainous area, the loess area and the northern lowlands (see Figure 5.3).
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Table 5.1. The observed mean annual temperature and precipitation (uncorrected
station observations) in the German Elbe basin for the period 1951-2000.

temperature [K] precipitation [mm]

summer winter average summer winter annual

mountains 13.4 1.9 7.7 413 327 737
loess region 14.6 2.95 8.8 344 249 591
lowland 14.4 2.92 8.7 341 266 607
total Elbe basin 14.2 2.8 8.6 350 264 616

The values indicate that the amount of precipitation is higher during the summer
period than during the winter. The loess plains, where the agricultural produc-
tion is the highest in the Elbe catchment due to the fertility of the soils, have the

lowest annual precipitation.

The observed trend in the Elbe basin differs from the global trend because
of local orographic conditions, where the Elbe basin is in the lee of the Harz
mountains (the west of the basin). During the reference period, more westerly
wind circulation pattern have been recorded over the Elbe basin (

, ). The climate during the period 1951 to 2000 shows a non-
linear pattern (Table 5.2). The trend in precipitation indicates a decrease in
summer precipitation of about 46 mm and an increase in winter precipitation
of about 50 mm. The increase in temperature of 0.8 K for the summer season
is lower than the increase of 1.4 K for the winter season. These trends are
important for plant growth and river discharge, because the summer season is
the period, when the plant water demand and hence evapotranspiration are high
and as a result river discharge is low. The increase in temperature and the
decrease in precipitation during the vegetation period result in longer periods
of water stress for the vegetation in the basin. On the other hand, the winter
is the season where the groundwater reservoir recharges, and the increase in
winter precipitation results in higher infiltration rates and after percolation to an
increase in groundwater recharge, which can partly balance the decrease during

the summer season.

A special investigation was made to select a satisfactory interpolation algo-
rithm for the climate data ( : ). It was found that the
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Table 5.2. The observed change in temperature and precipitation (uncorrected station
observations) in the German Elbe basin from 1951 to 2000.

temperature [K] precipitation [mm]

summer winter average summer winter annual

mountains 0.8 1.3 1.1 -31 65 32
loess region 0.7 1.4 1.0 -49 45 -6
lowland 0.8 1.4 1.1 -51 56 -6
total Elbe basin 0.8 1.4 1.1 -46 50 4

most accurate results were achieved using geostatistical techniques, but compa-
rable results were obtained using an inverse distance technique (ID) and taking
the DEM as an additional information for the interpolation. The ID technique
was applied in the study because it is much faster than geostatistical methods
and able to compute long time series for many realizations in an appropriate
time. Daily precipitation was corrected using the empirical method developed by

( ), where the underestimation of observed precipitation is adjusted

by monthly changing weighting factors.

5.3 Results and discussion

5.3.1 Reference period
Climate downscaling

Observed climate data of the period 1951 to 2000 were chosen to validate the
regional climate model STAR ( , ). The validation
criterion was that the stability of the main statistical characteristics of the re-
gional climate (variability, frequency distribution, annual cycle, persistence) had
to be maintained. A set of 100 realizations of the climate for this period was
generated. By comparison of the climate statistics of the individual realizations
with the observed trend in climate it was found that the median trend in precipi-
tation of the 100 variants has the highest correlation with the observed trend for
the integral of the total basin (see Table 5.2), and realization 32 has the highest

correlation with the observed climate data for the climate station Magdeburg (see
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Figure 5.3), which is in the center of the German Elbe basin and representative
for the loess area, where the agricultural productivity is the highest. Statistically,
realization 32 has a much lower average annual precipitation than the median of

the whole set of 100 realizations.

Hydrology

The eco-hydrological model was first adjusted to the hydrological processes in
the Elbe basin using a multi-objective, multi-site and multi-scale validation (see

) ). The model was tested in 12 subbasins located in
different regions of the German Elbe basin with catchment areas from 280 to
23,690 km? (multi-site calibration). The experiences gained in these nested stud-
ies were used to validate the hydrological processes of the model for the entire
basin (multi-scale calibration). The calibration was done on a daily time step
using records of observed river discharge and groundwater table dynamics for

comparison (multi-objective calibration).
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Figure 5.4. Comparison of the simulated and observed river discharge of the Elbe
basin (Neu-Darchau, catchment area 86,000 km?) ( , ).

A non-generic automatic calibration was performed using a Latin Hypercube
method ( , ) to make sure that all physically meaningful parameter
combinations were considered in the modeling procedure. The same method
was applied to analyze the model sensitivity and to quantify the uncertainty

of the simulation results. Afterwards, fine-tuning of the model was done by
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Table 5.3. The long-term differences between simulated and observed river discharge
for the validation period of typical subregions in the Elbe basin and the uncertainty

of the results expressed by the 10th and 90th percentiles of 300 simulations using

different model parameter combinations ( ) ).

river topography mean discharge 10th 90th
balance [%] percentile [%] percentile [%]

Saale mountains 4.2 -5.5 6.7

Mulde mountains / loess -6.1 -10.6 18.2

Locknitz  lowlands 1.6 -9.9 14.7

Elbe integrates all 2.7 -4.9 10.7

hand. The simulated river discharge was compared with the measured discharge
for a twelve year period (calibration period 1981-86, validation period 1987-92).
Statistical evaluation of the results was done by analysing the long-term difference
of the observed river discharge against the simulated one in percent (the relative
difference in discharge or 'water balance’) and calculating the efficiency criteria

of ( ) for the daily river flow.

The spatial behavior of the hydrological processes was analyzed using contour
maps of the water table and observed time series of daily groundwater level

dynamics.

Figure 5.4 shows a comparison of observed against simulated river discharge
for the entire Elbe river basin, Table 5.3 summarizes the statistical results of
the long term difference between simulated and observed river discharge for the
reference period. It is visible that the uncertainty of the results, expressed by
the percentiles of the 300 simulations, is relatively high in the loess areas and
the lowland part of the basin, and relatively low in the mountainous part of
the basin. The overall result is that the SWIM model tends to overestimate
river runoff or underestimate actual evapotranspiration slightly. 80 % of the
simulations for the entire Elbe basin (gauge Neu Darchau) have a long term
difference of observed and simulated river runoff of between -4.9 % and +10.7 %.
The quality of the model simulations is comparable with the results of recently

published macroscale applications of other models ( ,

I ) 9 9 I Y I
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5.3.2 Scenario period

Climate

The trend of climate change under scenario conditions and the range of the 100

variants is shown in Table 5.4. As already discussed in the section about the

climate input data, the observed trend of precipitation in the Elbe river basin

differs from the global trend due to the regional orography (the Harz mountains

in the west of the basin) and an increase in westerly wind circulation patterns. It

is assumed that this trend will continue into the future, and as a result also the

slightly negative trend in precipitation. Due to the uncertainties in the changes in

regional climate, the possible range of change in annual precipitation is between

approximately -80 mm and +70 mm (Table 5.4).

Table 5.4. The scenario trend in temperature and precipitation for the entire German
Elbe basin (difference of the average 1961-90 and 2051-55).

temperature [K]

precipitation [mm]

summer winter average summer winter sum

lowland 1.7 1 1.5 6.4 -8 -1.7
(-43.3; 72.5) * (-22.5; 0.9) * (-73.4; 65.8) *

loess region 1.7 1 1.5 11.5 -16.6 -5.1
(-39.58; 102.45) *  (-34.7;-12.5) *  (-74.3; 90.1) *

mountains 1.7 1 1.5 2.3 -18.9 -16.6
(-42.6; 109.0) * (-27.7;-5.9) *  (-70.3; 103.1) *

total 1.7 1 1.5 5.9 -11.5 -5.6
Elbe basin (-42.5; 84.2) * (-25.7; -2.8) *  (-68.2; 81.5) *

*Range of change between the driest and the wettest climate scenario variant.

The range of possible change in precipitation as an integral over the entire
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basin is shown in Figure 5.6, where also the average annual precipitation during
the reference period is included for comparison. It becomes obvious that realiza-
tion 32, the variant that has the highest correlation with the observed trend in
the loess region, is a much drier variant than the median of the set of realiza-
tions, where only a slight decrease in precipitation can be found. A trend analysis
reveals that the trend in precipitation is only significant for the two driest real-
izations (with a 90 % confidence), one of which is realization 32. The analysis of
the trend in hydrological quantities simulated with the climate change scenario
as input discussed later shows that a relatively small and insignificant trend in

climate can result in significant trends in groundwater recharge and river flow.

Land use

The eco-hydrological model estimated a decrease in crop yields under climate
change of approximately 11 % to 15 % as a basin wide average for different C3-
cereals and no significant change in the productivity of C4 plants like maize.
The comparison included simulation results at the hydrotope level simulated by
SWIM, which were validated using the available statistical data for the period
1996-99 as the reference period, and the simulation results for the scenario period
2051-55. These results vary regionally (see Figure 5.5). Areas in the lee of the
Harz mountains which are affected by a more significant decrease in precipitation
suffer more, areas in the northwest and in the south, where precipitation has an
increasing trend, have a higher productivity under climate change, due in part
to the fertilizing effect of higher CO5 concentrations.

On the basis of these results, the agro-economic model RAUMIS calculated
new crop distributions for the counties in the German Elbe basin, assuming that
local farmers optimize their operational income under climate change. The main
land use changes are in areas, where cost-effective crop cultivation would become
impossible under altered climate conditions, because of the low fertility and water-
holding capacity of the local soils and / or the decrease in precipitation. These
areas become fallow land in the land use scenario. The result is that if climate
change alone is considered (land use scenario variant A), this would induce only
a small shift from agricultural land to fallow land (a decrease in cropland area
of approximately 0.9 %), with the shares of the different crops cultivated in

the area remaining relatively stable. The changes are more pronounced when
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the liberalization of global crop markets is considered in the second land use
scenario (land use scenario variant B): The share of fallow land of the total crop
area becomes approximately 29.8 % (beforehand lower than 7.0 %), the share of
winter wheat drops from 26.4 % to 21.7 %, and that of maize drops from 7.0 %
to 2.0 % (see Figure 5.5).

[%] [%]

Figure 5.5. The change in potential crop yields (reference period 1996-99 against
scenario period 2051-55) for winter wheat (a) and silage maize (b) and the crop
distributions for one year in the reference period (c) and in the scenario period (d)
(land use scenario variant B).

Land use scenario variant A is the basis for the assessment of the impacts of
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a possible climate change on the water resources in the German Elbe river basin
reported in this study. The main changes in hydrological quantities caused by the
change in land use calculated with land use scenario B as boundary condition (un-
der current climate) would be an increase in evapotranspiration of approximately
7.7 % and a decrease of groundwater recharge of approximately 14.3 %, assuming
that a cover crop is cultivated in time periods without main crops. The aim of
this study was to have a land use scenario consistent with the climate scenario to
quantify the impacts of global change on the water balance in the German part
of the Elbe basin. The further investigation of the land use scenarios has to be

the task of future research.

Hydrology

The analysis of the impacts of climate change on the hydrology in the German
Elbe basin was performed by comparing the hydrological processes in the period
1961-1990 against the period 2051-2055. The hydrological decade 1961-1990 is
referred to as the reference period, the period 2051-2055 as the climate change or
scenario period. The climate change period is shorter than the reference period
because the annual precipitation during the scenario period has a relatively steady
decrease (see Figure 5.7). Averaging over a longer time period would conceal the
problems for water users arising from water shortage at the end of the planning
period. The relevance of the length of the scenario period which was selected
for comparison against the reference period is illustrated in Table 5.5, where a
longer scenario period was additionally chosen to calculate the possible changes
in hydrological quantities.

The uncertainty of the results is expressed by confidence intervals indicating
the range of possible changes. The first part discusses the annual changes in
precipitation, evapotranspiration, direct runoff (surface runoff and interflow) and
base flow, which are generated in the German Elbe. They provide a first overview
of the total changes and the uncertainty of the results. The next results discussed
are changes in daily runoff generation and daily river discharge. They are used
to illustrate changes in the intra-annual characteristics of the flow regime in
terms of low flow and flooding periods. The last results presented are maps of
precipitation and groundwater recharge to analyze sub-regional differences in the

trend of climate change and their impacts on hydrology.
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Annual characteristics

The daily water fluxes simulated by SWIM were aggregated to average annual
values of the entire basin for the reference period and the 100 climate change
realizations of the scenario period (Figures 5.6a~-d). The histograms illustrate
the possible range of changes of the main components of the water cycle (pre-
cipitation, evapotranspiration, direct runoff and groundwater recharge). The
distribution of the ten year average of the 100 realizations 2051-55, the mean,
average and 10th, 25th, 75th and 90th percentiles, and the average of the refer-
ence period 1961-90 are included for comparison. The results for the realization
32 are indicated by a dashed line. The mean annual precipitation of the 100 sce-
nario realizations is slightly lower than in the reference period (1.5 %, see Figure
5.6a). Added to the increase in evapotranspiration under increasing temperatures
(approximately 7.0 %), this will already lead to a relatively strong decrease in
groundwater recharge by 22 % and in river discharge by 15 %, significantly out
of the range of the uncertainty of the model performance reported in Table 5.3.
However, due to the higher uncertainty in future, 41 % of the variants have a

higher annual precipitation than in the reference period.
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Figure 5.6. The distribution of the ten year average 2051-55 of the 100 variants, their
median and 10th, 25th, 75th and 90th percentiles, and the median of the reference
period 1961-90 (a: precipitation, b: evapotranspiration, ¢: groundwater recharge,
d: direct runoff)
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Despite lower precipitation in average, evapotranspiration will slightly in-
crease in future (Figure 5.6b). Evapotranspiration is a function of energy input
and water availability. Higher annual temperatures under scenario conditions
stimulate plant growth and evapotranspiration. Plants start growing earlier in
spring, and the vegetation period extends into the late autumn (see also Figure
5.9). Both effects result in increasing transpiration, and as a logical result 99 %
of the scenario variants have a higher evapotranspiration than in the reference
period. Surface runoff is on average lower in the future period, although the
climate change realizations with higher precipitation lead to higher direct runoff
(interflow and surface flow) in 31 % of the simulations (Figure 5.6¢). The largest
impacts of climate change are on groundwater recharge, where also the range (un-
certainty) of the results is the highest (Figure 5.6d). Groundwater recharge - the
residual of the local water balance - is very sensitive to changes in precipitation
and temperature (evapotranspiration). This is mirrored in the scenario results,
where in 87 % of the scenario variants a decrease in groundwater recharge can be

recorded. Table 5.5 summarizes the results for the total basin.

Table 5.5. The range of possible changes in the hydrological cycle under climate
change. Shown are the changes for the driest, median and wettest climate change
variant (difference in % of the average 1961-90 (reference) and 2051-55), and the

number of scenario variants which have a decrease in the corresponding hydrological

component.
reference dry* median* wet* drier
(%] [%] (%] variants
precipitation  665.07  -15.3 (-12.0)  -1.5 (-0.5)  14.8 (8.8) 59
act. evapotr.  522.34 0.0 (3.5) 6.8 (6.4)  14.9 (11.8) 1
dir. flow 68.22  -44.2 (-:31.7) -11.2 (-6.2)  32.7 (9.1) 69

gw recharge  78.75  -75.0 (-69.8) -28.5 (-22.0) 50.2 (-10.3) 87

*In brackets are the differences of the reference period 1961-90 and 2046-55.
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The changes induced by scenario realization 32 are more pronounced than for

the average climate change realization: During the period 2051-55, the annual

precipitation of realization 32 is the second lowest of the 100 variants (13.8 %

lower than in the reference period). Evapotranspiration would increase slightly

by 1.9 %

direct runoff would be 37.1 % lower and groundwater recharge 75.0 %

?

lower. The total runoff generation and therefore also the river discharge generated

in the German Elbe catchments would be 57.6 % lower.
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Figure 5.7. Trend in precipitation and evapotranspiration 1951-2055.
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Figure 5.8. Trend in direct runoff and groundwater recharge 1951-2055.
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Figures 5.7 and 5.8 show the transient trend of the hydrological quantities
for the median of the 100 realizations and realization 32 in five year steps, start-
ing in the reference period: remarkable is that the precipitation at the end of
the scenario period of variant 32 is only 12.7 % higher than the actual evapo-
transpiration (Figure 5.7). This leads to a moderate decrease in direct runoff
and a more pronounced decrease in groundwater recharge (Figure 5.8). While
the amount of annual groundwater recharge is higher than the amount of direct
runoff in the observation period, this pattern changes during the scenario period.
These effects are more pronounced when taking realization 32 as input than for
the median climate realization. The impacts of the change on runoff generation
in the intra-annual river flow dynamics are discussed in the next section.

The annual change in hydrology is significant only for the driest realizations.
While only two climate realizations show a significant trend in precipitation, 14
of the realizations have a significant trend in evapotranspiration, also 14 a signifi-
cant trend in groundwater recharge and 11 a significant trend in river runoff. The
effects are not necessarily combined: realization 32, for example, has a strong and
significant trend in precipitation, but not in evapotranspiration, where the pos-
sible increase in evapotranspiration due to the increase in temperature is limited

by the water (precipitation) available, and thus reduces the trend signal.

Daily dynamics

A comparison of typical seasonal dynamics of evapotranspiration, direct runoff
(surface runoff and interflow), and groundwater recharge in the reference and
scenario periods is depicted in Figure 5.9 as an average for the total basin. Two
years (1965 and 2055) whose annual precipitation was closest to the average
annual precipitation for the periods 1960-1990 and 2051-2055 were chosen as
representative for the comparison. As one can see, summer evapotranspiration is
lower under scenario conditions, though the values above 2 mm d™! appear earlier.
The sum of direct runoff and groundwater recharge is also lower, the latter even
starts to become negative during the scenario period due to capillary rise in
summer, when plants in wetland areas satisfy their additional water demand
from groundwater (see Figure 5.10 and also Figure 5.12).

Figure shows the daily river discharge of the 100 realizations at the Neu-

Darchau gauge, averaged for the reference period 1961-90 and the scenario period
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2051-55. One main result is that the average discharge under scenario conditions
is in 80 % of the variants lower for the scenario period than during the reference
period. In addition, the annual flow regime under climate change is different from
the one under reference conditions: due to higher temperatures, the vegetation

season extends into the late autumn, and as a result the river water level rises

more slowly at the end of the summer.
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(top: 1965, bottom: 2055; prec = precipitation, aet = actual evapotranspiration,
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Figure 5.9. Daily runoff generation as an integral for the total German Elbe basin
dir = surface runoff + interflow, gwr = groundwater recharge).
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Figure 5.10. Ten-year average daily water discharge at gauge station Neu-Darchau
for the reference period and under scenario conditions.

More and more pronounced low water situations can be observed in late sum-
mer and early fall. Floods are generated in early spring in the reference period,
stimulated by snow melt. But due to higher temperatures, the runoff retention
of snow will be lower under climate change, and the period 2051-55 shows the
highest flood events during January. The consequence for water resources man-
agement is that longer periods with low discharge as well as severe flood events

in early winter have to be taken into account in the planning process.

Sub-regional impacts

Figures 5.11 and 5.12 illustrate the regional changes in precipitation and ground-
water recharge (comparison of reference period against scenario variant 32), while
Figures 5.11d and 5.12d show the uncertainty of the results expressed by the co-
efficient of variability. The overall pattern is that rainfall will decrease in the
northern part, while the southern part of the basin shows areas with increasing
and areas with deceasing annual precipitation. This latter result is supported by
Menzel and Burger (2002), who used a different statistical downscaling method
to generate a climate scenario for the Mulde catchment located in the southern
part of the German Elbe basin. The trend in groundwater recharge follows this
general pattern with large decreases in areas with decreased annual precipitation.

Noticeable again is that the relatively small change in precipitation has a
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relatively high impact on groundwater recharge (as already discussed for the
annual changes in precipitation and groundwater recharge). The areas where the
local annual groundwater recharge is negative due to plant water uptake from
groundwater (red areas in Figures 5.12a and 5.12b) become larger under scenario

conditions.

[mm] [mm]

[%]

[mm]

Figure 5.11. The mean annual precipitation 1961-90 (a) and 2051-55 (b), the change
in precipitation (c) and the coefficient of variability in % (d).

The greatest relative changes occur in the lee region of the Harz mountains,
where also the change in precipitation is the highest. These are the areas where,

due to the high water holding capacity of the loess soils, groundwater recharge is
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very low also during the reference period.

[mm] [mm]

[mm]

[%]

Figure 5.12. The mean annual groundwater recharge 1961-90 (a) and 2051-55 (b),
the change in recharge (c) and the coefficient of variability in % (d).

The uncertainties in precipitation expressed by the coefficient of variability of
the 100 variants are the highest in the lee of the Harz mountains, and the same
is visible for groundwater recharge, with a spatial focus in the loess plains (see
Figure 5.12). The highest uncertainties in groundwater recharge occur in areas
where the total annual amount of recharge during the reference period has been
small anyway. Small changes in precipitation have a great impact on recharge in

these areas, and a coefficient of variability of maximum 14 % for precipitation in
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these areas results in a coefficient of more than 50 % for groundwater recharge.

5.4 Summary and conclusions

The methodology presented in this study allows us to assess the uncertainty
of water supply under global change, taking into account the most important
drivers, land use and climate, and allowing consideration of feedbacks between
trend in climate and its impact on land use.

The overall result is that both the natural environment and society in the
catchments of the German Elbe basin face severe changes in water availability
and river flow regimes, although the results are associated with high uncertainty.
The trend in temperature of 1.4 K in the period 2001-2055 will stimulate plant
growth and lead to a prolongation of the vegetation period. As a result plant
transpiration will intensify in early spring and continue into late autumn. This
will influence the river flow regime, where river water levels will rise later in early
winter and recede earlier in spring. More and longer low water intervals can be
observed in late summer and early fall. The increase in evapotranspiration will
have the highest impacts on groundwater recharge, the residual of the local water
balance, which is very sensitive to changes in water supply.

While the trend in temperature and therefore also the trend in evapotranspi-
ration and the change of the river flow regime are relatively certain, much more
uncertainty exists about the trends in groundwater recharge, direct runoff and
river discharge and in the strength of the trends. Of the total set of 100 climate
change realizations, 59 show a decrease in precipitation and 99 an increase in
evapotranspiration, this results in 69 of the variants in a decrease in direct runoff
(surface runoff and interflow), in 87 in a decrease in groundwater recharge and in
80 in a decrease in river runoff. The results show a strong spatial heterogeneity.
The median trend in precipitation of the 100 scenario realizations indicates only a
small decrease of precipitation by 1.5 % (with a range from -15.3 % to +14.8 %).
Added to the increase in evapotranspiration under increasing temperatures, even
this will lead to a relatively strong decrease in groundwater recharge of 22 % and
river discharge by 15 %. This change is out of the range of uncertainty of the eco-
hydrological model‘s performance. The most reliable trend in precipitation for

the loess plains, where the soils have the highest fertility, will result in a more pro-
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nounced decrease of precipitation and consequently also a much stronger impact
on groundwater recharge and river flow. Under these conditions, direct runoff
will fall by about 37 %, groundwater recharge by about 75 %, and river runoff
by about 58 %. The impacts on hydrological components are directly correlated
with a change in water resources, where the per capita amount of annual water
supply generated originally in the German Elbe basin would decrease by 15 %
in the moderate scenario variant, which is the best extrapolation of the observed
trend (the median change in precipitation). The result is even more severe when
we consider that 80 % of the freshwater for human water supply is taken from
groundwater, where the decrease is more pronounced.

The study shows that a relatively small and insignificant change in precipita-
tion in combination with a more significant increase in temperatures can result
in severe and significant changes in hydrological variables, in particular in river
flow and groundwater recharge. The uncertainty of the results induced by the
uncertainty in the development of the regional climate change and propagated
by the eco-hydrological model is much higher than the uncertainty generated by
the performance of the eco-hydrological model itself.

The impacts of the anticipated land use change on the water balance in the
Elbe basin are not significant when climate change alone is the reason for the
land use change (land use scenario variant A). The impacts become more severe
when global socio-economic changes are also considered in the land use scenario
(land use scenario variant B). Here, the management of land use becomes very
important ( , ; , ), for example the types of land

cover which will replace agriculture (e.g. grassland, forests or settlements).
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Chapter 6
Summary and key findings

The scope of the study is integrated river basin modeling in the Elbe basin to im-
prove the understanding of environmental changes in the past and to investigate
possible impacts of climate and land use change in the future. Special empha-
sis is placed on the spatial heterogeneity in the basin, especially on processes in
wetlands and riparian zones.

Until now, model applications at the large scale (Aro ~ 10,000 km?) were
mostly limited to the investigation of a single variable such as the water cycle
or crop yields ( , ). Studies integrating different features of the
river basin in a dynamic mode (like hydrology and vegetation processes) including
feedbacks, small-scale spatial heterogeneity and temporal variability, have been
mostly restricted to the small- and mesoscale (Aro & 1-10,000 km?).

The German part of the Elbe river basin belongs to the macroscale (Aro ~
100,000 km?). Tt is clear that the environmental problems in the basin discussed in
Section 1.3.2 can only be described by a model which integrates all the important
eco-hydrological processes, such as water, nutrient fluxes and vegetation growth
in combination with water and land use management, and by considering the
spatial heterogeneity typical for the basin ( , : ,

). To cover these detailed spatial characteristics of the Elbe basin, it was
decided to use a process based semi-distributed model, adopting state-of-the-art
modeling techniques derived at the mesoscale, and to develop and evaluate new
modeling approaches for large scale applications. In the process of the large-scale
implementation it was necessary to develop three new modules and a number of

new modeling tools. The new modules are for:
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e retention processes in the subsurface and in wetlands and riparian zones,
considering groundwater table dynamics at the hydrotope level and the

residence time of nutrients and the nutrient turn-over,

e crop generation to reproduce the yearly changing spatial pattern of crops

close to the real crop distribution in the basin, and
e interpolation of climate data.
Comprehensive modeling approaches were developed and applied for:
e model calibration and validation,
e sensitivity analysis and uncertainty propagation,
e interfaces to climate and agro-economic models, and

e development of projections into the future taking into account feedbacks

between climate and land use changes when deriving the land use scenario.
Finally, the model was applied:

e over 12 different subbasins nested in the Elbe catchment and for the entire
German part of the Elbe basin, to investigate the regional hydrological

processes and crop yields typical for the different landscapes in the basin,

e in a subbasin in the northern central part of the Elbe basin to investigate

decreasing water tables,

e to analyze and quantify the impact of retention processes in wetlands, ri-
parian zones and groundwater on water quality and river discharge in a

subbasin close to Berlin, and

e to investigate the possible changes in hydrology and crop yields under global
change (in terms of climate and agro-economic changes) in the whole Ger-

man part of the Elbe basin.

The following sections give a brief summary of the main objectives and results
of the four papers, followed by a critical discussion of the model developments

presented in the paper section and the results of the simulation experiments.
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6.1 Validation of the SWIM model for hydrological processes at the
macroscale

6.1 Validation of the SWIM model for hydro-

logical processes at the macroscale

The objective of the first article was to validate the model SWIM for the hy-
drological processes at the macroscale in the Elbe basin taking account of the
inherent spatial heterogeneity in the catchment. It is commonly agreed that a
comprehensive model validation, including sensitivity and uncertainty analysis,
has to be the fundamental first step when applying a model. The question is
thereby whether the model is able to accurately enough reproduce the response
of the system under investigation to external and internal pressures, which are
changing its state, in our case the response of the hydrological processes in a

catchment to changes in land use and climate.

To apply the model SWIM at the macroscale and to have a satisfactory model
representation of the important eco-hydrological processes in the basin, it was
necessary a) to develop the model further by incorporating a simplified represen-
tation of the groundwater dynamics and evapotranspiration in wetlands, b) to
have advanced techniques for climate interpolation and c) to include new rou-
tines to consider the inflow from the Czech part of the basin and to have a model
output of river discharge at different subbasin outlets separately for base flow
and direct flow. Besides, new approaches for sensitivity and uncertainty analysis
and model validation have been developed and applied to investigate the model

performance under different environmental conditions.

The improved model is able to simulate river runoff for 12 meso- to macroscale
basins (200 - 20,000 km?) nested in the Elbe basin, and for the whole German
part of the Elbe basin, in good agreement with observed data. Model calibra-
tion corrects mainly three parameters (the saturated soil conductivity, the river
routing coefficient and the groundwater reaction factor). The nested subbasins
were selected to be representative of the major subregions of the Elbe basin (see
Figure 1.9). Some general patterns were apparent when comparing the values
of the calibration factors in the 12 nested catchments, so that it was possible to
divide the parameter sets into three main clusters representing the main land-
scapes in the basin: one for the lowlands, one for the loess area and one for the
mountains. Validation results were generally better in mountainous catchments
(efficiency after Nash and Sutcliffe (1970) is 0.75 - 0.79 with daily time steps, and
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Table 6.1. Comparison of the vertical flow processes simulated by SWIM and the
values taken from the Hydrological Atlas of Germany ( , ).

Shown are average values for the German part of the Elbe basin.

simuated [mm] Hydrological Atlas [mm]

precipitation 687 695
evapotranspiration 526 518
direct runoff 77 89
groundwater recharge 95 88

0.82 - 0.84 with monthly time steps) than in lowland basins (0.61 - 0.72 and 0.66
- 0.86, correspondingly). The model sensitivity and uncertainty analysis revealed
a systematic overestimation of evapotranspiration in loess areas, probably due
to rather poor parameterization of loess soils. The lower uncertainty in moun-
tainous areas can also be explained by the natural river networks, which are far
more regulated in lowland areas. Uncertainty in the discharge balance (simulated
minus observed discharge) for the Elbe at Neu Darchau was within a range of
-4.9 % and 4+10.7 % in 80 % of the simulations (see Chapter 2.4.2).

The quality of the simulation results is also confirmed by a comparison with
the values of the recently updated version of the Hydrological Atlas of Germany
( , ), where the flow components are within the same
range (see 6.1).

Additionally, the model was able to reproduce local hydrological processes
like groundwater table dynamics inside three subbasins, where groundwater data
were available. This was shown using contour maps of the water table depth and

observed groundwater level data.

Using the experience gained by the calibration and validation of the nested
subcatchments, it was possible to validate SWIM for the whole basin considering
the hydrological processes in the different landscapes. The most important infor-
mation from the nested investigations was that wetlands should be included in the
model set-up: The daily and monthly efficiency of simulated and observed river
discharge was 0.90 and 0.91 for the model set-up without the wetland extension,
and 0.92 and 0.94 for the model set-up with the wetland module implemented.

The change is more pronounced for the long term difference of simulated minus
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observed river discharge, which dropped from 9.7 % to 4 % with the wetland
module included. Figure 7.2 shows the difference in river runoff with and with-
out the extended model. The best reproduction of the hydrological processes in
the whole Elbe basin was achieved with a parameter set very similar to that used
for the lowland subbasins. Apparently, hydrological processes of the lowlands
dominate the dynamics of the river flow regime in the Elbe basin.

The sensitivity and uncertainty analysis shows that the model results were
robust in all regions but more stable in mountainous catchments than in low-
land and loess parts of the model area. Regarding model efficiency (

, ), the saturated conductivity and the routing correction factors
were the most sensitive tuning parameters in lowland and loess area model ap-
plications. The routing correction factor was the most sensitive in mountainous
catchments, indicating that river routing is the crucial process driving the dy-
namics of river discharge in mountainous areas with high elevation gradient. In
lowland, the percolation of water through the soil layers is more important than
in mountains. In order to improve the simulation results in lowlands and in par-
ticular in catchments covered by loess soils, the resolution and parameterization
of the soil map should be further improved.

An important result of the study is that model applications on the macroscale
should always include additional investigations in smaller subbasins to analyze
and understand the special characteristics of the subregions. The quality of the
results confirms that after validation the model can be applied to investigate the

environmental changes in the Elbe basin.

6.2 Implementation of groundwater dynamics

at the hydrotope level

The validation of SWIM for the entire German part of the Elbe basin has shown
that an improved spatial representation of the hydrological processes inside the
subbasins in terms of groundwater dynamics is helpful to improve the model
performance especially in lowland and for low flow periods. In addition, ground-
water fluctuations are triggered by soil water percolation, and observations of the
local water table dynamics can be used to validate the model indirectly for the

hydrological processes at the hydrotope level. Implementation of groundwater
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dynamics at the hydrotope level is also necessary, because they are very impor-
tant for wetland processes, which are further discussed in the next chapter. The
objective of the second article was therefore a) to modify SWIM so that daily
groundwater fluctuations can be reproduced at the hydrotope level in regional
applications of the model, b) to incorporate a direct interaction of groundwater
and soil profile in the areas with shallow groundwater where it can reach soil
layers, and c) to test the model in two different lowland subbasins in the Elbe
catchment (the Nuthe and the Stepenitz), where data on groundwater table dy-
namics were available. Besides, a new approach was developed to calibrate the

simulated groundwater fluctuations.

The results presented in Chapter 3.3.3 show that the SWIM model was, after
modification, able to reproduce the groundwater table dynamics in the stud-
ied basins. This is shown in three steps. Firstly the groundwater fluctuations
simulated by the modified SWIM were compared under well defined boundary
conditions with those simulated using a numerical groundwater model. Differ-
ences were minor and much smaller than those induced by the model parameter

uncertainty.

A second step was to apply SWIM over two mesoscale lowland basins and to
compare the simulated groundwater table fluctuations against the observation.
By using the automatic calibration method and variation of two parameters,
namely permeability and effective porosity of the aquifer, it was possible to adjust
the simulated water table against to that observed: The Mean Absolute Error of
the long term mean observed against mean simulated water table in all subbasins
was 0.053 m for the Stepenitz basin, and 0.026 m for the Nuthe basin (see Chapter
3.3.3).

The third step was to apply the model to investigate the observed trend in
the groundwater table in the state of Brandenburg, which has decreased in parts
of the region by approximately 0.5 m to 1.0 m over last decades. Using SWIM
with the extended groundwater module it was demonstrated that the decrease of
the groundwater table in the case study region cannot be explained by climate
variability in the area, rather by a decrease in the drainage base during recent
decades (human intervention). Available information from literature and oral
communication confirmed that the intensive melioration measures in the region

(implementation of drainage systems to regulate the groundwater table and of
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weirs to control the water level of the surface waters) are the main reason for the

observed decrease in groundwater table.

6.3 Integration of retention processes in ground-

water, wetlands and riparian zones in the
SWIM model

The third paper deals with nitrate retention processes in groundwater, riparian
zones and wetlands, considering the residence time and turn-over of nutrients at
the hydrotope level. These processes are very important because they control
the diffuse nutrient inputs into rivers and lakes, which are still considerably high,
while the input from point sources has decreased after the basin-wide implemen-
tation of better sewage treatment (especially building new plants and improving
technology in the old ones since 1990). The relevance of processes in riparian
zones and wetlands for the water and nutrient balance of river basins is twofold:
a) they represent an interface between the upper catchment area and surface
waters, where lateral flows of water and nutrients pass through and are partly
retained, and b) they have shallow groundwater, where plant roots can reach
the saturated zone enabling vegetation to satisfy their demand by accessing wa-
ter and nutrients from groundwater, especially during periods of shortage in the
unsaturated soil horizon. The research objective was to quantify the impact of
nitrate retention processes in the subsurface, wetlands and riparian zones on the
water quality and river discharge, and to calculate the residence time of nitrate
in the subsurface, especially in groundwater. Since the original SWIM model had
only a very simple representation of retention processes in the subsurface and no
representation of wetland processes, a wetland module was developed based on
the implementation of groundwater dynamics described in the previous section,
to represent a) the mean residence time and the turn-over of nitrate in the subsur-
face, b) the nitrate retention in the riparian zone and wetlands, and c¢) the uptake
of water and nitrate by plants if the plant roots have access to groundwater (see
Chapter 4.2.3).

The results shown in the Chapter 4.3 illustrate the ability of the extended

model to represent the processes relevant for water and nitrate low and retention
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in catchments with special focus on wetlands and riparian zones. A relatively
small fraction of the total catchment area has a high impact on the water and
nitrate balance in the whole catchment (leading e.g. to a decrease in annual river
discharge of about 49 % at the basin outlet and to an decrease in annual river
nitrate load of about 22 % in this catchment), although the results are associated
with a high uncertainty, mainly due to the rather low reliability of the regionally
available input data (soils, geo-hydrology, land use, crop rotations, application of
fertilizer).

The impact of wetlands and riparian zones is so significant because they are at
the interface between catchment and river systems, and have specific conditions
(access to groundwater and good conditions for denitrification). In addition, the
majority of the nutrient input in the catchment has been retained before reaching
the wetland and riparian zone (e.g. by plant uptake and nutrient turn-over in
the soil zone and in groundwater), and a relatively large part of the remainder is

taken up by plant roots located in a relatively small area of the total catchment.

6.4 Assessing uncertainty of water availability
and crop yields in a Central-European river

basin under climate change

The aim of the study was to assess the reliability of water supply and crop
yields in the German part of the Elbe basin under global change taking into
account the uncertainty of the future climate. The scenario period of the study
is 2000-2055, a time scale relevant for the implementation of water and land use
management plans. The intention was to mirror the possible range of climate and
land use change in the Elbe basin in the model experiments and simulation results,
and thereby to apply scenarios where the underlying assumptions regarding the
driving forces for climate and land use change are consistent, and to consider
feedbacks between land use and climate change.

The experience gained in the previous publications was accumulated to have a
satisfactory model representation of the study area, but additional developments
and model adjustments were necessary a) to wrap the model in a framework

for automatic pre-processing of the climate data for the 100 realizations of the
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climate scenario, model simulation and statistical post-processing of the simula-
tion results, b) to derive land use change scenarios consistent with the climate
scenario, and c¢) to generate crop rotations and distributions taking into account
the input information of the agricultural agencies for the reference and of the

scenario conditions for the scenario period (Chapter 5.2.1).

The methodology presented in this study allows to assess the uncertainty of
water supply under global change considering the most important drivers, land
use and climate, whereby feedbacks between trend in climate and its impact on

land use can be taken into account.

The overall result is that nature as well as society in the German part of the
Elbe basin are confronted with severe changes in water availability and river flow
regimes, although the results are associated with a high uncertainty (see Chapter
5.3.2). The rise in temperature of 1.4 K in the period 2001-2055 will stimulate
plant growth and lead to a prolongation of the vegetation period. As a result,

plant transpiration will intensify in early spring and continue into late autumn.

This will influence the river flow regime, and the rise of the river water level
will be later in late autumn and the recession earlier in spring. More frequent and
prolonged periods of low water levels can be observed in late summer and early
fall. Increases in evapotranspiration will have the highest impacts on ground-
water recharge, which is very sensitive to changes in water supply. Figure 6.1
summarizes the results. While the trend in temperature and therefore also the
trend in evapotranspiration and the related change of the river flow regime are
relatively certain, much more uncertainty exists with the trends in precipitation,
groundwater recharge, direct runoff and river discharge and the strength of these
trends. Of the total set of 100 climate scenario realizations, 59 show a decrease in
precipitation and 99 an increase in evapotranspiration (when comparing the peri-
ods 1961-90 and 2051-55). As a result, 69 realizations lead to a decrease in direct
runoff (surface runoff and interflow), 87 to a decrease in groundwater recharge,
and 80 to a decrease in river runoff. The results have a strong spatial heterogene-
ity. The median trend in precipitation of the 100 scenario realizations indicates
only a small decrease of precipitation by 1.5 % (the range of the realizations is
from -15.3 % to +14.9 %). Added to an increase in evapotranspiration under
warmer conditions, this would lead to a relatively large decrease in groundwater

recharge by 22.5 % and river discharge by 15.5 %. This change is out of the range
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Figure 6.1. Summary of the impacts of a climate change on the water cycle in the
German part of the Elbe basin; left: average values for the reference period 1961-
1990 in mm, right: average values for the scenario period 2051-2055 in mm for the
driest, median and wettest realization of the climate scenario.

of uncertainty of the eco-hydrological model performance (see Chapter 2.4.2).

Impacts on hydrological components are directly correlated with a change
in water resources, where the per capita annual water supply generated in the
German part of the Elbe basin would decrease by 15 % in the moderate scenario
realization, which is the median of the 100 realizations (the median change in
precipitation). The result is even more severe when considering that currently
80 % of freshwater used for human water demand is taken from groundwater,
where the decrease is most pronounced.

Another result of the decrease in precipitation is that also crop yields show a
decreasing trend, whereby the changes are higher for C3-crops like wheat, barley
and rye (-12 % to -15 %), and less pronounced for the C4-plant maize (-1 %),
which benefits more from the increase in temperature than the C3-cereals. The
changes in crop distributions caused by the climate change is minor, but becomes
important when also global agro-economic changes are taken into account (Chap-
ter 5.3.2). This more pronounced change has a significant impact on the water
cycle in the Elbe basin, with a decrease in evapotranspiration (approximately
8 %) and an increase in flow generation (approximately 14 %). Here, the man-
agement of land use becomes very important, for example the types of land cover

which will replace agriculture (e.g. grassland, forests or settlements).
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Chapter 7
Discussion and conclusions

This study illustrates the vulnerability of the water balance in the German part

of the Elbe basin to changes in precipitation and temperature. The Elbe basin

has the second lowest water availability of the large rivers in Central Europe (see

, ), and according to model results, it is most likely

that the observed trend to lower water availability ( :

) will continue into the future. Small changes in the drivers (precipitation,
temperature) will have a large impact on the water cycle (Chapter 5.3.2,

, ). The decrease of annual precipitation will be more pronounced
in the lee of the Harz mountains and the central parts of the basin, while the
climate scenario gives increasing amounts of precipitation in the northwest and
the south of the basin. The change in the central part of the basin is so im-
portant because this is the region where the precipitation is already the lowest
in the catchment, but where the soils have the highest fertility. It has to be
mentioned that the center of the German part of the Elbe basin is also the area
where the variability of the future precipitation across the scenario realizations
and hence the uncertainty of the simulation results is the highest (see Chapter
5.3.2), making it difficult to plan and implement long-term adaptive land use

strategies.

The ecosystems in the basin will have to adapt to dryer conditions over large
parts of the basin. This can lead to losses in biodiversity ( ) )
and crop yields (Chapter 5.3.2), and the local water managers and farmers will
have to find adapted water and land use management options. Possible strategies

for adaptation are to build reservoirs as buffers during droughts and structural
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changes in land use, especially in agriculture ( , ; , ).

In the study, only arable land is subject to land use change (approximately
52 % of the area of the German part of the Elbe basin) (Chapter 5). The areas,
which will become set-aside under scenario conditions, will be maintained as
farm land. These areas are considered as extensive meadow in the model, which
has lower water demand and as a result lower evapotranspiration than arable
land. Two land use scenarios consistent with the climate change scenario are
investigated in the study: The first includes only climate change as a driving
force to derive new crop distributions in the basin, the second considers also global
agro-economic pressures. Under the first land use scenario, the crop distriubtions
will have only a very small change. The second will lead to more pronounced
changes in crop distributions with an increase of set-aside from approximately
7 % to approximately 29 % (see Figure 5.5), and as a result of the increase of
set-aside, evapotranspiration will decrease by approximately 8 % and river runoff
increase by approximately 14 % (see Chapter 5.3.2). This is within the range of

change induced by the climate change.

It has to be mentioned that the scope of the study, considering land use
scenarios, was to investigate and present a methodology to develop consistent
land use and climate scenarios, rather than to explore the large variety of possible
changes in land use management. This is clearly a topic for future research:
One challenge is for example to take into account altered soil parameters to
describe the soil properties of fallow land, which are different from arable land
( , : , ). A possible land use change, which has to
be included in future investigations, is afforestation, where fallow land becomes
brush land and forest ( ) ). First model experiments show
that under such conditions evapotranspiration will increase in the German part
of the Elbe basin and hence accelerate the pressure on the water resources in the

catchment induced by the possible climate change.

Another task for future research related to the investigations of water re-
sources in the Elbe basin is to include the Czech part of the basin in the model,
because although the simulations for the German part of the Elbe river basin
indicate a strong decrease in water availability and river discharge, it is unclear
as to whether this result is representative for the entire basin including the Czech

part. Observations of precipitation in the southern part of the Elbe basin and
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observed river discharge indicate that an increase of precipitation in the Czech
part may balance the decrease in the central part of the basin. However, the
increase in temperature will also affect the Czech part of the basin and result in

an intensification of evapotranspiration and decrease of river discharge.

Results shown in Chapter (4.3) ( : ) illustrate the influ-
ence of wetlands and riparian zones on the water and nutrient cycle in the basin.
The actual evapotranspiration in this areas reaches the potential evapotranspi-
ration. This is important, because wetland restoration measures are ongoing or
planned for the conservation of valuable wildlife habitats and for the future devel-
opment of tourist attractions, but with possibly unfavorable consequences for the
local water balance, because an increase of the wetland area will lead to higher
annual evapotranspiration and a decrease in river discharge. One such example
is the Spree subbasin of the Elbe, where the the Spreewald biosphere reserve is
located, one of the largest wetland areas in Germany, but where the per capita

water availability is only 280 m? a™ ( : ).

On the other hand, retention processes in groundwater, wetlands and riparian
zones have a high potential to reduce the nutrient concentrations of rivers and
lakes, because they are located at the interface between catchment area and sur-
face water bodies, where they are controlling the diffuse nutrient inputs (

, ). This is illustrated in the Nuthe subbasin with nitrate as an example
(Chapter 4.3.2). The relatively high retention of nitrate in the Nuthe basin is
partly due to the long residence time of water in the subsurface (about 40 years
in the Nuthe basin) with good conditions for denitrification (lignite in the sub-
surface), and partly because of the plant uptake of nitrate in the wetlands and
riparian zones. Although the Nuthe basin is in a way an extreme example because
of the high proportion of wetlands in the total catchment area, it is representative
for large regions in Central Europe (approximately 50 % of the German part of
the Elbe basin are located in lowland areas). The long residence time of nitrate
in the subsurface in the Elbe basin may be one reason for the still high nitrate
concentrations observed in other subbaisns of the Elbe and in the Elbe discharge.
Here, the different conditions for denitrification in groundwater play a key role
( : ). The results are in good agreement with

( ), who investigated the nutrient loads of the river basins in Germany.

The investigations have been done using the eco-hydrological model SWIM,
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which has been embedded in a model framework of climate and agro-economic
models (see Chapter 5.2.1, , ). An integrated modeling
description of all relevant water and nutrient flow processes and including man-
agement options was necessary because of the numerous interactions and feed-
backs between land use, vegetation, climate and hydrological processes, which are
so complex that they can only be analyzed in a formalized way using computer
models (see , ). The advantage of having a computer based
model description of the Elbe basin is the possibility to easily investigate and
analyze different climate and socio-economic scenarios, to quantify their impacts
on the environment in the basin and find management solutions to mitigate the
impacts.

However, the predictive capacity of models is generally limited because of the
often low quality (and quantity) of the available input data, uncertain model
parameters and due to structural shortcomings of the models ( ,

). It is therefore the responsibility of the modeler to communicate and il-
lustrate these limitations and to do everything possible to improve the quality
of the model outputs ( , ). This brings us back to the four
points requested by ( ) and mentioned in the introduction, where
the new challenges in hydrological modeling in the context of climate and land

use changes are discussed:

1. The standard calibration methods of hydrological models need to be adjusted
or extended to have an adequate representation of altered internal dynamics
of the hydrological system if the boundary conditions change. The calibration
process should be multi-criteria and multi-site. This has been done when the
SWIM model was validated for the hydrological processes in the German
part of the Elbe basin first for different subbasins nested in the catchment to
investigate the relevant processes in different landscapes of the model area,
for subbasins with different catchment area to investigate scaling effects,
and using not only observations of river discharge, but also groundwater

dynamics and regional crop yields for comparison.

2. The development of the scenario of changed boundary conditions should
be done considering feedbacks to derive consistent scenarios for land use
and climate changes. Simulation results presented in this study have been

derived assuming the same IPCC scenario for the development of land use
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(agriculture) and climate change. The feedbacks of climate change on land
use are considered when at first the potential crop yields under climate
change are simulated by SWIM and afterwards transferred to the agro-
economic model to form the input for producing a scenario of changed
agricultural land use, which is consistent with the climate scenario and

following the same IPCC storyline.

3. The uncertainty in data, parameters and model processes propagated by the
model has to be quantified and, what is new, also the uncertainty in the
scenario conditions. The estimation of uncertainty in the model results,
for the validation as well as for the scenario period, has been consequently
considered during each modeling step of the study. It was found that the
average range of change of the hydrological quantities induced by climate
change is larger than the uncertainty of the simulation results because of

model parameter and input data uncertainty.

4. It 1s necessary and important to adjust the climate or land use scenarios for
extremes such as floods or droughts. This has been done for droughts and
low flow conditions, since the study aimed at the investigation of long term
changes in water supply and crop yields under scenario conditions, and not

at the investigation of flood risk.

Not explicitly mentioned in the list above but implicitly part of point 1, where
it is said that an adequate representation of altered internal dynamics of the
hydrological system is needed, is the fact that it might be necessary to extend and
improve the model concept and the model structure to adapt it to the scientific
question and the modeling problem of the study by implementing additional
processes in the model code. This has to be done considering the complexity of the
modeling task and the data and model parameter availability. The new methods,
which have been implemented in the SWIM model during the study, are physically
based and applicable at large spatial scales, assuming some simplifications (e.g.
regarding the geometry of the subsurface flow), which are acceptable in regional
modeling (see Chapters 3.2.1 and 4.2.3).

Shortcomings in the model concept of SWIM and in the available input data
could be identified because the model was first tested and validated for the eco-

hydrological processes in nested catchments located in the most important sub-

165



Discussion and conclusions

T

E o

= =

< m
3
E)
El

E

s -

o

-4 ‘ ~

01/06/81 01/12/81 01/06/82 01/12/82 01/06/83 01/12/83 01/06/84 01/12/84 01/06/85

‘—GW ript — GW rip- — AET rip+ —— AET rip- —diff(AET)‘

Figure 7.1. Effects of additional plant uptake of water in wetlands in one example
hydrotope (GW = groundwater table, AET = actual evapotranspiration, rip- =
without additional uptake, rip+ = with additional uptake, diff (AET) = difference
in evapotranspiration with and without additional plant uptake).

regions of the basin, and because different criteria were taken into account in the
validation process, like river discharge in connection with groundwater dynamics,
but also comparisons of crop yields. The first simulation experiments during this
study revealed for example an underestimation of evapotranspiration in lowlands
(see Figure 7.1). Hence the model overestimated river discharge during the sum-
mer period. This is crucial because more and longer lasting droughts and low
flow events are expected in the future. The problem was solved by implementing
hydrological processes in wetlands and riparian zones in the model, as discussed
in Chapter 4, which are especially important for evapotranspiration during the
summer period and during droughts, but also for nutrient retention. The results
shown in Figure 7.2 are in a plausible range, when comparing them with results
of other modeling studies (Becker ot al., 2003) and with field scale observations

in wetland areas (Meuleman et al.; 2003).

An additional advantage of the developed method is that it takes the residence
time of nutrients in the subsurface into account, whereby the nutrient turn-over
is simulated at a daily time step. This is new in large scale model applications,

where the aim is to simulate the nutrient loads coming from the catchment area
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Figure 7.2. Simulation of river discharge at gauge Neu Darchau with (rip+) and
without (rip-) implementation of wetland processes in the model concept, and the
difference.

into the surface waters. Normally, the nutrient concentrations in groundwater
discharge are considered as being constant (Arnold et al., 1994), or the model
assumes a balanced nutrient cycle over long time periods (e.g.five years), where
the retention in a catchment is simply the input (from point and diffuse sources)
minus the output (the river loads), where different flow paths might be considered
(Behrendt et al., 2002). The next step has to be to apply the extended model to
the entire Elbe basin to investigate changes in the nutrient balance of the whole
catchment in the past and under scenario conditions.

Another example, where model applications in nested subbasins helped to
validate the model, are problems with the parameterization of loess soils, which
have been found when applying SWIM over nested subbasins located in the loess
area, and when the model sensitivity to different model parameters is investigated
(see Chapter 2.4 and 4.3.2).

A necessary development to improve the spatial distribution of climate input
data was the improvement of the interpolation technique used by SWIM. The
technique originally implemented was the method of Thiessen polygons. This

method gives sufficiently good results for small scale applications, where the
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Figure 7.3. Comparison of four interpolation techniques to calculate the climate
boundary conditions (here mean daily temperature) for the SWIM model (a: Inverse
Distance; b: Thiessen Polygons; ¢: Ordinary Kriging; d: External Drift Kriging
using the elevation map as a secondary variable for interpolation) (see Hattermann
et al. (2005a) in Chapter 2.2.3).

density of climate stations is high, or at the plot scale with only one station. In
and around the German part of the Elbe basin 89 climate and 280 precipitation
stations with long time climate records are available, but the spatial density of
the stations is very inhomogeneous (lower in lowland areas). The application of
the method of Thiessen polygons, which does not account for landscape features,
would lead to an artificial and unrealistic spatial pattern of climate variables
with hard straight line borders between two polygons (see Figure 7.3). The geo-
statistical and inverse-distance methods introduced and applied in this study
give a more realistic picture of the spatial variability of the climate input data,
as shown by a cross validation using the observed climate information of the 369

weather stations applied in the study (see Table 2.2 in Chapter 2.2.3).
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Figure 7.4. Use of arable crop land in the German part of the Elbe basin: a) taken
from statistics b) after reallocation applying the crop allocation algorithm.

A difficult task was to derive a land use scenario consistent with the regional
climate scenario. This was done, as mentioned before, by assuming that land use
changes in the Elbe basin will mainly affect arable land, and that the arable land,
which will be set aside under scenario conditions, will not be afforested. A crop
generator has been developed to regionalize the land use scenario delivered by
the agro-economic group, which serves as an interface between agricultural land
use statistics and the hydrotope module in SWIM (see Wechsung et al., 2005Db).
State-of-the-art investigations of climate change impacts on water and nutrient
fluxes normally do not account for daily plant growth dynamics and in particular
do not consider crop rotations and crop distributions in the catchment under
study (Varis et al., 2004). But, as illustrated in Chapter 5.3.2, the distribution
of different crops (like summer and winter crops, grains and foliate plants) might
be important for the basin-wide water balance, a feedback that has to be taken

2005; Fohrer, 2002).

into account in the model (Bronstert et al., 2

Generally, it is important to mention that it is impossible to integrate all
features and characteristics of a landscape in a single model framework. It is
rather the responsibility of the modeler to find adequate model solutions during
the model set-up, which consider the relevant flow and retention processes and
the important management options. This has to be done without overloading the
model framework by including features and processes, which are not important
but need additional expert experience, input data and model parameters. Here,

a careful analysis of the available data (climate, hydrology, soils, vegetation, geo-
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chemistry) and a comprehensive sensitivity investigation will help to identify an
appropriate model concept and problems in the model structure (
, 1996).

Summarizing the discussion it can be concluded that the integrated model
presented in the study is a very valuable tool to support water and land use man-
agers, decision makers and environmental agencies to find sustainable solutions in
the very sensitive problem field of environmental protection versus socio-economic
development and human water demand. However, additional studies have to be
performed to include the Czech part of the Elbe basin in the model, to analyze
the impact of riparian zones and wetlands on the water quality of the whole Elbe
river basin and to investigate additional land use scenarios taking into account

possible changes in soil properties.
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Appendix A

List of variables.

Table A.1. List of variables, description and units.

variable description units
a reaction factor d
ANy, active organic nitrogen pool fraction (-)
AN,, readily mineralizable organic nitrogen kg ha!
ANf10  organic nitrogen flow kg ha
16} shape parameter (-)
B4 above ground biomass kg hat
B, plant specific biomass-energy ratio kg ha't d!
B3 plant specific parameter for nitrogen concen- (-)
tration in plant biomass at different growth
stages
Cn SCS curfe number (-)
Cn exponential function of C:N ratio (-)
Corr particial correlation coefficient (-)
Cp exponential function of C:P ratio (-)
Dhun accumulated heat unit index per day (-)
Do plant specific fraction of the growing season 0-1
before LAI starts declining
) slope of the saturated vapour pressure kPa C!
) delay time d
Ep potential evapotranspiration mm d!

IX



Annex A List of variables.

Table A.1. List of variables, description and units.

variable description units

Fe tabulated field capacity mm
GWype  actual water uptake by plants from ground- mm d™
water

GWypm ~ maximum water uptake by plants from mm d

groundwater
H latent heat of vaporization MJ kg
h groundwater table height m
Thun heat unit index 0-1
K residence time of groundwater d
K(©) hydraulic conductivity mm h!
Kg storage time constant (river routing) dt
Kg saturated conductivity mm h!
ke, ky hydraulic conductivity in x and y direction ~ m d!
A denitrification rate dt
L slope length m
LAI leaf area index m? m>
LAI,.. plant specific maximum LAI m? m™
m thickness of the aquifer m
MAFE Mean Absolute Error (-)
v psychrometer constant kPa C!
v experimental semivariogram (-)
Noom mineralization rate for the active organic kg ha'' d!
pool
NC,s rate of nitrogen flow (-)
Napi daily plant nitrogen demand kg ha't d!
Nyee nitrogen decomposition rate kg ha't d!

Ngw,p, actual nitate uptake by plants from ground- kg ha™ d!
water

Ngw,p, maximum nitrate uptake by plants from kg ha™ d!

groundwater
Niun humus rate constant for nitrogen 0.0003 d*
N, nitrate input through leaching kg ha't d!
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Table A.1. List of variables, description and units.

variable description units
Nout nitrate output by lateral transport kg hat d!
Ng nitrate in subsurface kg ha!
P precipitation mm d!
P, photosynthetic active solar radiation MJ m -2
P, accumulated biomass kg hat
Pen optimal nitrogen concentration in plant bio- kg ha™!
mass
P.,. percolation mm d*
Prun number of potential heat unit for maturing  (-)
Q surface runoff mm d*
q groundwater return flow mm d*
Q;i, inflow rate in river reach m? st
Q,, outflow rate from river reach m? s
Qobs river discharge observed m? st
Qsim river discharge simulated m? st
Ra net radiation MJ m™
Re groundwater recharge mm d*
T gw groundwater uptake resistance (-)
Tn nitrate uptake resistence (-)
S specific yield m? m™
SCS soil conservation service (-)
SN,, stable organic nitrogen kg ha!
Sp1 slope parameter for nitrogen concentration in  (-)

plant biomass
Sp2 slope parameter for nitrogen concentration in  (-)

plant biomass

Sk water volume in river reach m?
Sx retention coefficient (mm)
T hydraulic transmissivity m? d*
T, plant specific base temperature °C
Ty function of soil temperature (-)
T maximum daily temperature °C

XI



Annex A

List of variables.

Table A.1. List of variables, description and units.

variable description units
Tonin minimum daily temperature °C
Tr travel time through soil layer h

U, soil water content at saturation %

Vg sepage velocity m s
Vg, Uy darcy velocity in x and y direction m s
Wy relation of soil water to field capacity (-)
Wy soil water content %

X dimentionless weighting factor (river rout- (-)

ing)
Z(u) observation at point u (-)

XII



Appendix B

Parameter distributions.

Table B.1. Parameter distributions

parameter  impact distribution Values *

roc2 river routing - factor triangular a =1, =6, v=20

roc4 river routing - factor triangular a=4, /=12, v=30

chanman factor to perturbate normal N=(0, 0.15)
Manning  coefficient
for channel flow

chanslope  factor to perturbate normal N=~(0, 0.15)
channel slope

soildepth ~ factor to perturbate normal N=~(0, 0.15)
the maximum soil
depth

fc factor to perturbate normal N=(0, 0.15)
the field capacity

sccor factor to correct soil uniform min=1, max=4
conductivity

cnum factor to calculate uniform min=0.1, max=0.3
the amount of surface
runoff

cnuml factor to perturbate normal N=(0, 0.15)

model parameter 1 for

curve number method
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Annex B Parameter distributions.

Table B.1. Parameter distributions

parameter impact distribution Values *

cnums3 factor to perturbate normal N=(0, 0.15)
model parameter 2 for
curve number method

abf linear storage alpha uniform min=0.05, max=0.7
factor for groundwater
discharge

delay factor to perturbate normal N=~(0, 0.15)
the delay time (soil ->
groundwater)

basinslope factor to perturbate normal N=~(0, 0.15)
the channel slope in
subbasins

basinman  factor to perturbate normal N=~(0, 0.15)
the channel conduc-
tivity in subbasins

LAT factor to perturbate normal N=~(0, 0.15)
the leaf area index

be factor to perturbate normal N=(0, 0.15)
biomass efficiency ra-
tio

root factor to perturbate normal N=(0, 0.15)
the maximum root
depth

tempbas factor to perturbate normal N=(0, 0.15)
the base temperature
for plant growth

SNOwW factor to calculate the uniform min=3, max=>
snowmelt rate

albedo factor to perturbate normal N=(0, 0.15)
the albedo
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Table B.1. Parameter distributions

parameter impact distribution Values *

transNsur  factor to pertubate ni- normal N=(0, 0.15)
trate N half life time
of surface runoff

transNssf  factor to pertubate ni- normal N=(0, 0.15)
trate N half-life time
of interflow

transPerc  factor to pertubate ni- normal N=(0, 0.15)
trate N half-life time
of groundwater

retenNsur  factor to pertubate normal N=(0, 0.15)

residence time of sur-

face water

retenNssf ~ factor to pertubate normal N=~(0, 0.15)
residence time of infer-
flow

retenNperc factor to pertubate normal N=(0, 0.15)
residence  time  of
groundwater

accN factor to pertubate normal N=(0, 0.15)

the accumulated N
flow per hydrotope
mixN factor to pertubate normal N=(0, 0.15)
the mixing of con-
centrations during the

aquifer passage

* a, 8, and lambda indicate minimum, average and maximum values of the triangle distri-
bution, Na2(0, 0.15) describes a normal distribution with mean equals 0.0 and a standard
deviation of 0.15, min and max are the minimum and maximum values of a uniform distri-

bution. The normal distributions have a truncation below 0.001 and larger than 0.999.
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Appendix C

Land use classes.

Table C.1. Land use classes used in SWIM.

land use class description

water

settlement

industry

road

cropland

set-aside

grassland, extensive use (meadow)

grassland, intensive use (pasture)

© 00 1 O Ut = W N =

forest mixed

—_
@)

forest evergreen

—_
—_

forest deciduous

—
[N}

wetland nonforested

—_
w

wetland forested
heather (grass + brushland)

bare soil

—_ =
[SA RN
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