
���������������	�
�	��

���
�����
�����������
���������
�������	����������
�����
���������������������������������������������
�����������

���	�����������������������������������
�����������
����
���
�����
�������	���������������������


���������������	���
�����
���


���������������
����
���
������������� �
��

�������	��������������������������
�!�"�"�!

���������������������	��������
�������������#�#�������$���	���#�������������#�#�������$���	���#�%�"�$�&�'�!�'�#�������(���
���"�"�)�)�*�)�'�'�+

�����������
�������	���������
����
�,�������������	���������������-�����������������	�����
�
���.�������/���	������������

�������������
���������
�������������	�
���������
���������
�������
�
�
�����������������������
���
�������	�����������������������0���	�����������������
�	�����������
�
�������������$
�1���	�������	�������������	���
���������������
���
�����������������
�����������������	�������������������$



Diss. ETH No. 14663

Climate Change and Runoff Statistics
in the Rhine Basin:

A Process Study with a Coupled
Climate - Runoff Model

A dissertation submitted to the

SWISSFEDERAL INSTITUTE OF TECHNOLOGY (ETH)
Z†RICH

for the degree of

DOCTOR OF NATURAL SCIENCE

presented by

JAN KLEINN

Dipl. Natw. ETH

born August 1, 1973

German and Austrian citizen

accepted on the recommendation of

Prof. Dr. Christoph SchŠr, examiner

Dr. Bruno SchŠdler, co-examiner

Dr. Christoph Frei, co-examiner

Dr. Joachim Gurtz, co-examiner

May 2002



"All models are wrong,
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Abstract

The consequences of extreme runoff and extreme water levels are within the most

important natural hazards induced by weather. The question about the impact of global

climate change on the runoff characteristics, especially on the frequency of ßoods, is of

utmost importance. To assess the inßuence of a warmer climate upon the hydrologic

cycle, the pertinent processes are studied using a regional climate model and a

distributed hydrologic model. To this end, a model interface is developed to couple the

two models in a one-way mode.

The coupled modelling system consists of two model components: the regional climate

model CHRM and the distributed hydrologic model WaSiM. CHRM is driven by

ECMWF reanalysis and is run in a nested mode in 56 km and 14 km horizontal grid

spacing (CHRM56 and CHRM14). WaSiM is operated at a horizontal grid spacing of

1 km for the Rhine basin down to Cologne, a basin of about 145Õ000 km2. Such a large

basin was chosen to have the spatial variability well represented by the regional climate

model within the basin. The hydrologic model uses a time step of 1 hour and is driven

by the output of CHRM56 and CHRM14 with an appropriate model interface. The model

interface accomplishes the scale transition for the driving Þelds of the hydrologic model:

downscaling of precipitation and temperature, bias corrections for precipitation and

winterly surface air temperature, and bilinear interpolation of wind, relative humidity,

and radiation. Five winters (1989/90 - 1993/94), each from November until January, are

considered in the analysis.

The precipitation Þelds simulated by CHRM14 show good correspondance with

observed precipitation Þelds with regard to the mesoscale distribution of precipitation,

the interannual variability, and the frequency distribution of precipitation. Critical points

in the CHRM simulations relate to the Þnescale distribution of precipitation over

complex topography (precipitation falls too far upstream), the distribution of

precipitation with altitude (precipitation is overestimated at high altitude), and the

surface air temperature in the Alps (CHRM shows a winterly negative bias).

Despite the aforementioned limitations, the model chain of CHRM56 and WaSiM is able

to reproduce the annual cycle of mean monthly discharge within the Rhine basin. The

shift from a nival regime in the Alpine basins to a pluvial regime in the foreland basins

and at the lower gauges of the Rhine basin is also reproduced in the simulations with
iii



Abstract
notable accuracy. Analysis of daily runoff in the simulations driven by CHRM56 and

CHRM14 reveals good agreement with observed runoff in the foreland basins and for the

lower gauges of the Rhine basin. In the Alpine basins though, runoff simulations are

more challenging. Possible reasons for this are the neglecting of soil freezing,

anthropogenic activities (hydropower production), and lake retention and regulation in

the hydrologic simulations.

Sensitivity experiments of a warmer climate are based on an idealized surrogate climate

change scenario which stipulates a uniform increase in temperature by 2 Kelvin and an

increase in atmospheric speciÞc humidity by 15% (resulting from unchanged relative

humidity) in the forcing Þelds for the regional climate model. It has to be pointed out that

this approach does not provide a full climate change scenario but merely a sensitivity

study of two relevant effects, namely repartitioning of solid to liquid precipitation and

intensiÞcation of the hydrologic cycle. In addition to these sensitivities, climate change

would also imply changes in synoptic climatology that are not considered in this study.

The sensitivity experiments of a warmer climate were performed with the whole model

chain. The warm CHRM simulations show an increase in precipitation throughout

Europe, an increase in the amount of liquid precipitation at the expense of snow, and a

strong increase in the frequency of heavy precipitation events. The rainday frequency

shows little changes.

A six-year continuous warm runoff simulation driven by CHRM56 shows an increase in

winterly and a decrease in summerly discharge. In the Alpine catchments, this leads to a

shift in the annual runoff regime. For the downstream gauges, where winterly discharge

is already the largest in the observations and in the control simulations, the annual

discharge cycle is intensiÞed.

Analysis of daily runoff events in winter reveals an increase in the frequency of low

runoff events (less than 2 mm/day) in the Aare basin, whereas the frequency of low

runoff events up to about 1 mm/day hardly changes in the foreland basins. The

frequency of high runoff events exceeding 3 mm/day and more increases by at least 20%

in all of the catchments. At the gauge of Cologne, the frequency of runoff events

exceeding 2 mm/day increases by about 20%.

Overall, the coupled climate-runoff modelling has proven to be a promising tool for

studying the hydrologic cycle. Simulations of a warmer winter climate show increases in

total precipitation, liquid precipitation, intense precipitation events, and intense runoff

events.
iv



Zusammenfassung

Die Folgen extremer Abßussmengen und FlusswasserstŠnde gehšren in Mitteleuropa zu

den bedeutendsten und am hŠuÞgsten auftretenden, durch Wetter und Klima bedingten

Naturkatastrophen. Die Frage nach den Auswirkungen der globalen KlimaŠnderung auf

das Abßussverhalten und die HŠuÞgkeit extremer WasserstŠnde ist daher von hohem

Interesse. Um den Einßuss eines wŠrmeren Klimas auf den Wasserkreislauf abzu-

schŠtzen, werden die Prozesse des Wasserkreislaufs mit einem regionalen Klimamodell

und einem ßŠchendifferenzierten hydrologischen Modell untersucht. Dazu wurde eine

Schnittstelle entwickelt, um die beiden Modelle in einem Einweg-Verfahren zu koppeln.

Das gekoppelte Modell-System besteht aus zwei Komponenten: dem regionalen

Klimamodell CHRM und dem ßŠchendifferenzierten hydrologischen Modell WaSiM.

Das CHRM wird in einem genesteten Modus mit Außšsungen von 56 km und 14 km

angewendet (CHRM56 und CHRM14). Der Antrieb erfolgt Ÿber die Reanalyse des

ECMWF. WaSiM wird mit einer horizontalen Außšsung von 1 km fŸr das gesamte

Rheineinzugsgebiet bis Kšln - ein Einzugsgebiet von etwa 145Õ000 km2 - betrieben. Die

Gršsse des Einzugsgebietes wurde derart ausgewŠhlt, dass die rŠumliche VariabilitŠt

innerhalb des Einzugsgebietes von dem regionalen Klimamodell gut wiedergegeben

wird. WaSiM benutzt einen Zeitschritt von 1 Stunde und wird von den Ergebnissen von

CHRM56 und CHRM14 angetrieben. Die Kopplung der Modelle erfolgt Ÿber ein

Regionalisierungsmodul, welches die Felder des CHRM (Niederschlag, Temperatur,

Wind, relative Feuchte und Strahlung) auf die Außšsung von WaSiM skaliert und fŸr

den Niederschlag und die winterliche Temperatur eine Bias-Korrektur durchfŸhrt. Die

Simulationen umfassen 5 Winter (1989/90 - 1993/94), jeweils von November bis Januar.

Die Niederschlagsfelder des CHRM14 stimmen mit beobachteten Niederschlagsfeldern

gut Ÿberein, besonders bezŸglich der mesoskaligen Niederschlagsverteilung, der

interannuellen VariabilitŠt und der HŠuÞgkeitsverteilung. Kritische Punkte bei den

Simulationen des CHRM sind die feinskalige Verteilung des Niederschlags Ÿber

komplexer Topographie (die Niederschlagsfelder sind stromaufwŠrts verschoben), die

Hšhenverteilung des Niederschlags (†berschŠtzung des Niederschlags in grosser Hšhe)

und die Temperatur in den Alpen (CHRM zeigt einen winterlichen negativen Bias).

Trotz der erwŠhnten EinschrŠnkungen wird der jŠhrliche Zyklus monatlicher AbßŸsse

von der Modell-Kette aus CHRM56, CHRM14 und WaSiM gut wiedergegeben. Auch der
v



Zusammenfassung
†bergang von einem nivalen Abßussregime in den Alpen zu einem pluvialen

Abßussregime in den tiefer gelegenen Einzugsgebieten wird in den Simulationen mit

bemerkenswerter Genauigkeit wiedergegeben. Auswertungen der tŠglichen AbßŸsse in

den von CHRM56 und von CHRM14 angetriebenen Simulationen zeigen gute

†bereinstimmung mit den beobachteten AbßŸssen fŸr die Einzugsgebiete des

Vorlandes. In den alpinen Einzugsgebieten wird die Simulation des Abßusses aus

mehreren GrŸnden erschwert, unter anderem da in der hydrologischen Simulation

Seeretention, Bodengefrieren und anthropogene EinßŸsse wie z.B. Seeregulierung und

Wasserkraftwerke nicht berŸcksichtigt werden.

FŸr das Szenario eines wŠrmeren Klimas werden die Antriebsfelder fŸr das regionale

Klimamodell um ein uniformes Temperaturinkrement von 2 Kelvin modiÞziert und die

relative Feuchte konstant gehalten, womit sich die atmosphŠrische Feuchte um 15%

erhšht. Solch eine Modell-Strategie stellt kein vollstŠndiges Klimaszenario dar, sondern

dient lediglich der Untersuchung von relevanten und nichtlinearen Effekten im

Wasserkreislauf. ZusŠtzlich sind bei einer KlimaŠnderung auch €nderungen in der

synoptischen Klimatologie zu erwarten, die in dieser Studie nicht berŸcksichtigt

werden.

Die Simulationen eines wŠrmeren Klimas wurden mit der ganzen Modell-Kette

durchgefŸhrt. Die warmen CHRM-Simulationen zeigen eine Zunahme des mittleren

Niederschlags, eine Zunahme des ßŸssigen Niederschlags bei Reduktion des Schnee-

anteils und eine Zunahme von Starkniederschlagsereignissen. Die Anzahl der Nieder-

schlagstage Šndert sich nur geringfŸgig.

Die 6-jŠhrige, von CHRM56 angetriebene Abßusssimulation zeigt eine Zunahme der

winterlichen AbßŸsse und eine Abnahme der sommerlichen AbßŸsse. In den alpinen

Einzugsgebieten fŸhrt dies zu einer Verschiebung des jŠhrlichen Abßussregimes. An den

unteren Pegeln des Rheins dagegen, wo in der Kontrollsimulation die winterlichen

AbßŸsse schon die stŠrksten sind, verstŠrkt sich die Amplitude des Abßussregimes.

Die Auswertung der tŠglichen simulierten AbßŸsse zeigt im Einzugsgebiet der Aare

eine Zunahme von kleinen Abßussereignissen (weniger als 2 mm/Tag). In den anderen

Einzugsgebieten sind kaum €nderungen in niedrigen AbßŸssen von bis zu 1 mm/Tag

festzustellen. Die HŠuÞgkeit starker Abßussereignisse von mehr als 3 mm/Tag nimmt in

allen Einzugsgebieten um mindestens 20% zu. FŸr das untersuchte

Gesamteinzugsgebiet bis zum Pegel Kšln betrŠgt die Zunahme in der HŠuÞgkeit von

Abßussereignissen von mehr als 2 mm/Tag etwa 20%.

Insgesamt ist die gekoppelte Klima-Abßuss-Modellierung ein vielversprechendes

Instrument, um den Wasserkreislauf zu studieren. Winter-Simulationen eines wŠrmeren

Klimas zeigen eine Zunahme des mittleren Niederschlages, des ßŸssigen

Niederschlages, der HŠuÞgkeit von Starkniederschlagsereignissen und von starken

Abßussereignissen.
vi



Chapter 1

Introduction

Water is a precious but dangerous good for our society. On the one hand, human society

depends on water. Water is needed as drinking water, for agricultural purposes, for

transportation on rivers, and for electric power production. On the other hand, the

consequences of extreme runoff and extreme water levels are within the most important

natural hazards induced by weather. For instance, the ßoods along the Rhine river of

December 1993 have caused 5 fatalities and a total damage of about 500 million� in

Germany alone (Munich Re 1999). The following winter, another ßood along the Rhine

river caused another 5 fatalities and a total damage of about 260 million � in Germany

in January 1995 (Munich Re 1999).

The question about the impact of global climate change on precipitation and runoff,

especially on the frequency of extreme low and high runoff events, is of utmost

importance. Water resource authorities are interested in the availbility of drinking water

and in water levels allowing safe navigation on rivers, public utility companies are

interested in a steady availability of water as a resource for power production, and

insurance and reinsurance companies are interested in potential changes in the ßood

frequency and ßood intensity (Munich Re 1997, Swiss Re 1996).

1.1 Coupled Climate-Runoff Modelling

For studying the hydrologic cycle and its changes in a changing climate, a number of

complex processes have to be considered. In the Alpine region, these processes range

across a wide spectrum of scales and relate to the atmospheric physics and dynamics,

including the formation of rain and snow, as well as the hydrological processes

pertaining to runoff formation and river routing. A promising approach for simulating

the relevant processes of the hydrologic cycle is the coupling of climate models and

hydrologic models.

Different approaches have been persued in the coupling of climate models and runoff

models. Leung et al. (1996) have integrated a subgrid parameterization in the climate
1



Chapter 1: Introduction
model to account for the inßuences of Þne scale topography on precipitation. The

meteorology simulated by the model is used to drive a hydrologic model for a 2Õ900 km 2

basin in western Montana. The simulations run through a seasonal cycle from October to

September.

Yu et al. (1999) have driven a hydrologic model with results from MM5 simulations in

different horizontal grid spacings (36, 12, and 4 km) for a basin of 14Õ700 km2 in the

Eastern United States. They have simulated 3 spring storms and their runoff, each lasting

less than 9 days. Lakhtakia et al. (1999) have used the same modelling setup and have

shown, that a horizontal grid spacing in the regional climate model of 12 km provides

reasonable results in the precipitation Þelds and in the runoff response for that particular

basin.

Coupled atmospheric and hydrologic modelling has also been applied for investigations

related to ßood forecast. Benoit et al. (2000) have simulated a single storm event of

several days in southern Ontario with the atmospheric MC2 model using a horizontal

resolution of 35 km, 10 km, and 3 km. They compare the inßuence of the MC2 resolution

on the hydrologic modelling. In some of the catchments studied, only little difference can

be observed in the simulations driven by the atmospheric model in 10 km or 3 km

horizontal resolution. Further studies for the purpose of runoff forecasting were

conducted by Jasper (2001) and Jasper et al. (2002). They have performed runoff

simulations in southern Alpine catchments driven by output from different weather

prediction models.

1.2 The Hydrologic Cycle in a warmer Climate

Climate change inßuences many parts of the climate system and the hydrologic cycle. As

a consequence of an increase in greenhouse gas concentration, surface temperature has

to raise to keep the incoming and outgoing radiation in balance in presence of enhanced

infrared backscattering. Increased surface net radiation leads to a rise in temperature and

might lead to an increase in evaporation. Both observational studies and GCM

experiments (Mitchell and Ingram 1992, Bony et al. 1995, Ross et al. 2002) suggest, that

the amount of speciÞc humidity in the atmosphere is primarily controlled by the

temperature dependence of the saturation mixing ratio (described by the Clausius-

Clapeyron relation) rather than by variations in relative humidity in the mid latitudes.

This relation is less evident in the tropics where variations of relative humidity show a

negative correlation with temperature variations (Sun and Oort 1995).

Increases in surface radiation, evapotranspiration, and speciÞc humidity can lead to an

intensiÞcation of the hydrologic cycle in a warmer climate (Trenberth 1998, 1999, Frei et

al. 2000). Due to an intensiÞed hydrologic cycle, wintertime mean precipitation is

expected to increase over Central and Northern Europe (IPCC 2001a, b, Hulme et al.

1998). Previous studies suggest that the increase in mean precipitation originates from an
2



1.2 The Hydrologic Cycle in a warmer Climate
increase of precipitation intensity rather than an increase in the rainday frequency (Frei

et al. 1998, Fowler and Hennessy 1995). Hennessy et al. (1997) have found that the

frequency of intense precipitation events increases in the mid latitudes in 2xCO 2 GCM

simulations. Palmer and RŠisŠnen (2002) have analyzed an ensemble of 19 GCM

simulations and found an increase in the probability of extreme seasonal precipitation

(deÞned as seasonal precipitation occuring once every 40 years) by a factor of 3 to 5 in

Central Europe for the winter season for double CO2 conditions.

Together with an increase in precipitation, warmer temperatures will lead to an increase

in liquid precipitation at the expense of snow in the mountains. The combination of an

increase in liquid precipitation and a decrease in storage of water in the mountains leads

to an increase in winter time runoff (SchŠdler 1990, Schulla 1997).

Arnell (1998) has applied climate change scenarios for the year 2050 from different GCM

simulations to a 0.5ûx0.5û hydrological model with daily time steps. With temperatures

rising by 1.6ûC to 2.1ûC in the GCM scenarios, he finds a shift in the discharge peak in the

snow-affected regimes of Central Europe: the maximum flow is shifted by

approximately one month, as the snowmelt season occurs earlier.

Bergstršm et al. (2001) have applied the changes of GCM simulations on current

observed climate to run a hydrologic model of several Swedish catchments of 1Õ700 km2

to 6Õ000 km2 size. Their simulations show a decrease in spring and summer discharge

due to less snowmelt and an increase in winter discharge due to more liquid

precipitation in most of the catchments.

So far, the inßuence of climate change on the runoff regime in the Rhine river was studied

for smaller subbasins and coarse climate change scenarios (Gurtz et al. 1997, Grabs 1997,

Middelkoop et al. 2001). These studies use prescribed monthly mean changes in

precipitation and temperature for the climate change scenarios. Kwadijk and Rotmans

(1995) have used a water balance model for the entire Rhine basin with a grid spacing of

3 km that calculates monthly water balances for the entire basin and the main tributaries.

Such an approach does not allow to draw conclusions on the changes in the frequency of

intense events. Despite their climate change scenarios being very coarse, they Þnd an

increase of winter discharge and a decrease of summer discharge.

Observational studies were done for long time-series of both precipitation and runoff.

Several studies of longterm precipitation observations have reported an increase in

winter mean precipitation (Schšnwiese et al. 1994, Widmann and SchŠr 1997, and

Schmidli et al. 2002) as well as in the frequency of intense events in winter (Frei and SchŠr

2001). However, these trends cannot directly be linked to climate warming, as they might

also arise due to changes in the synoptic climatology like the North Atlantic Oscillation

(Schmith 2001). Earlier observational studies of the hydrologic cycle could not detect a

trend in runoff (SchŠdler 1987), due to the inßuences by anthropogenic activities and due

to compensating effects in the components of the water balance. Recent studies though

show an increase in the intensity of ßoods in recent decades (Aschwanden 2000).
3
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1.3 Aim of this Study

This study takes a new approach to the question of how a warmer climate might

inßuence the hydrologic cycle. A high resolution regional climate model (RCM) is

coupled with a distributed hydrologic model for a large basin (Kleinn et al. 2002a and

Kleinn et al. 2002b). Such a modelling strategy ensures, that the small scale variability is

resolved by the RCM within the basin. An appropriate model interface is further

developed to overcome the scale differences of RCM and hydrologic model and to allow

for the correction of systematic RCM errors. All of the results, simulated precipitation as

well as simulated runoff, are analyzed at a temporal resolution of one day. Only such a

high temporal resolution allows to draw conclusions regarding the frequency of strong

and extreme events.

A surrogate climate change scenario of a warmer climate is then applied to the model

chain of RCM and hydrologic model. It consists of driving Þelds for the RCM with

uniformly increased temperature of 2 Kelvin and therefore an increase in speciÞc

humidity by about 15%. Such a temperature shift can be formulated consistently with the

governing equations (SchŠr et al. 1996) and it has earlier been applied by Frei et al. (1998).

Such a sensitivity analysis allows to study the inßuence of a warmer climate on the

formation of precipitation and runoff.

The regional climate model used is presented in Chapter 2 and the distributed runoff

model in Chapter 3. The model interface and the control simulations of both regional

climate model and distributed hydrologic model are validated in Chapter 4. The changes

to the hydrologic cycle in a warmer climate with regard to precipitation and runoff are

discussed in Chapter 5.
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Chapter 2

The Climate Model CHRM

The objective of this chapter is to introduce the limited area model used for the regional

climate simulations. Some general characteristics of the model are presented and a more

detailed description of the nesting strategy and the experimental setup is given. Finally

an evaluation of the nesting strategy is discussed.

2.1 Model Description

The regional climate simulations are performed with the climate version of the German

Weather ServiceÕs High Resolution Model (HRM), which is therefore called the CHRM.

The HRM is a meso-� -scale numerical weather prediction (NWP) model based on the

hydrostatic set of primitive equations. It has been used at ETH ZŸrich since 1994 (Cress

et al. 1994, SchŠr et al. 1996, LŸthi et al. 1996, LŸthi et al. 1997) and has recently been

modiÞed for multi-year integrations (Vidale et al., 2002). The CHRM was derived from

the EM/HM/HRM (Europa-Modell/High-resolution Model, Majewski 1991, DWD

1995) model suite of the German Weather Service (DWD). The current version of CHRM

is largely Fortran 90 code.

The CHRM operates on a rotated spherical grid with the pole shifted to 32.5 ûNorth and

170û West in order to obtain a relatively isotropic horizontal grid over the simulation

domain. In this study, the CHRM is used with a grid spacing of 0.5û and 0.125û

corresponding to 56 and 14 km, hereafter called CHRM56 and CHRM14. The domain of

CHRM56 covers Europe, including the Mediterranean Sea and part of the North Atlantic

(Figure 2.1), resulting in 81 by 91 grid points. CHRM14 is used with 101 by 109 grid

points, covering Central Europe, the northern Mediterranean, and the southern part of

the British Isles (Figure 2.1).

Hybrid vertical coordinates are used. Vertical levels are terrain following near the

ground and gradually turn into pressure levels with height (Figure 2.2). A rigid lid
5
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ent

ly.
boundary condition is used at the top. CHRM56 is run with 20 vertical levels, whereas

CHRM14 uses 30 vertical levels. The number of levels in the lowest 1000 meters is Þve

for CHRM56 and six for CHRM14.

The prognostic variables of the CHRM are surface pressure, total heat content, water

vapour, cloud water, and the horizontal wind components. The timesteps for the

integration are 150 seconds for the CHRM56 and 75 seconds for the CHRM14.

Different physical processes cannot be explicitly resolved and therefore have to be

parameterized. The physical parameterizations in the CHRM include (see also DWD,

1995):

Figure 2.1: Topography of the ECMWF Reanalysis, the CHRM56, the CHRM14, and the

distributed runoff model WaSiM to illustrate the model domains and resolutions of the differ

models.
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2.2 Lateral Forcing
¥ Kessler-type (Kessler 1969) grid-scale cloud microphysics as updated by Lin et al.

(1983) for the ice-phase

¥ Mass ßux convection scheme after Tiedtke (1989)

¥ Vertical diffusion after Holtslag and Boville (1993) for the surface layer, a 1.5-order

scheme after Mellor and Yamada (1974) in the boundary layer and above

¥ Radiation scheme after Ritter and Geleyn (1992) based on the solution of the delta-two-

stream version of the radiative transfer equation at all wavelengths, with full cloud-

radiation feedback

¥ Two-layer extended force-restore soil model after Jacobsen and Heise (1982) including

snow and interception storage

¥ Land surface parameterization adapted from Dickinson (1984) and driven by ISLSCP

(Sellers et al. 1994) data with three soil water layers (Heck et al. 1998)

The modiÞcations to the CHRM for climate simulations include extensions to handle

long data streams, a different soil layer distribution with 3 soil moisture levels reaching

a total depth of 1.65 m, the vertical diffusion for the surface layer (Holtslag and Boville

1993), and a non-standard Soil-Vegetation-Atmosphere-Transfer-Scheme (SVATS), the

TERRA, which was adapted from Dickinson (1984) and Jacobsen and Heise (1982).

The leaf area index (LAI) and the fraction of vegetation cover in the surface boundary

data are derived from the International Satellite Land Surface Climatology Project,

ISLSCP (Sellers et al., 1994).

The predecessor of the CHRM has been previously used in various regional climate

studies (Frei et al. 1998, Fukutome et al. 1999, Heck et al. 1999, Heck 1999, Heck et al.

2001, LŸthi et al. 1996, LŸthi et al. 1997, SchŠr et al. 1996) and has contributed to the

model inter-comparison by Christensen (1997) and Anderson et al. (2002). The CHRM

has contributed to model inter-comparison within the MERCURE project (Frei et al. 2003

and Hagemann et al. 2002).

The model version of CHRM used for this study is version 2.0 and dates from June 2000.

2.2 Lateral Forcing

The simulations presented in this study were performed with a one-way nesting

technique. The CHRM56 simulations are initialised and driven by perfect boundary

conditions, the European Centre for Medium-Range Weather Forecasts (ECMWF)

Reanalysis (ERA) (Gibson et al. 1997) Þelds at a resolution of T106, i.e. approximately

120 km. The ERA is a 15-year global data set compiled from observations with a

consistent data assimilation method. The data assimilation consists of running the

ECMWF forecast model as a global circulation model and relaxing the model results

towards the observations and the forcing Þelds every 6 hours. The data used for the

reanalysis includes surface observations, radiosonde data, satellite data, aircraft data,

and data from ships and bouys. The forcing Þelds are external analyses of sea surface
7
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temperature (SST) and sea ice cover. The model used for the data assimilation has a

horizontal resolution of T106 (about 120 km) with 31 vertical hybrid levels and includes

4 soil layers. A detailed description of the ERA can be found in Gibson et al. 1999.

The ERA Þelds are interpolated to the grid of the CHRM56 and relaxed at the lateral

boundaries (Davies, 1976) every 6 hours. A linear interpolation in time is applied to the

boundary Þelds inbetween the updating intervals. The CHRM14 is nested into the

CHRM56 using one-way nesting, i.e. the initial- and boundary conditions are provided

by the CHRM56, are interpolated to the grid of the CHRM14, and relaxed at the lateral

boundaries. As for the CHRM56, a linear interpolation in time is applied to the boundary

Þelds in between the updating intervals of 6 hours. Preliminary tests with a higher

updating frequency of 2 hours have not yielded signiÞcantly different results compared

to the "standard" simulation with an updating frequency of 6 hours.

2.3 Experimental Setup and Nesting Strategy

An abrupt change in grid spacing between the model and the driving data at the lateral

boundaries should be avoided to minimize possible interpolation errors and noise

production (Warner et al. 1997, Giorgi and Mearns 1999). The ratio in grid spacing

between the driving data and the model resolution is usually between 2 and 8 (Giorgi

and Mearns, 1999, Denis et al. 2002) and should not be any bigger. In order to be able to

run simulations at very high resolution, multiple nesting is used. A coarse resolution

model is driven by the reanalysis and the results of this coarse resolution model are then

used as driving Þelds for the high resolution model. This method is also being used for

the downscaling of global climate change simulations (e.g. Christensen et al., 1998) and

for weather forecasting.

Multiple nesting techniques can be used as either one-way or two-way nesting. In two-

way nesting, the results of the high resolution grid are fed back to the coarse resolution

grid. This implies that at every time step both the coarse and the high resolution models

are integrated, before the next time step can be calculated. In the one-way nesting no

information is passed back from the high resolution model to the coarse resolution

model. The simulations can therefore be performed independently.

The CHRM56 simulation was performed for a continuous period of over 6 years, from

September 1987 until January 1994. The simulation of January 1994 was driven by

analysis data instead of reanalysis data, as the reanalysis of the ECMWF only extends to

December 1993. Five winters (NDJ) were simulated with the CHRM14. Each of these Þve

winters is initialized on October 14 and lasts until the end of January. The Þrst 18 days

are regarded as spin-up and therefore only the period from the beginning of November
8
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till the end of January is taken into account in the analysis. The simulation periods of the

CHRM56 and CHRM14 are schematically presented in Figure 2.3.

2.4 Evaluation of the Nesting Strategy

The setting of the nesting strategy described in Section 2.3 has been chosen from a careful

evaluation of a series of sensitivity experiments with alternative nesting options.

These sensitivity tests were carried out using the predecessor of the current CHRM

model version, the same version as used by LŸthi et al. (1996). However, the changes to

the model suite are not expected to inßuence the conclusions of these experiments for the

winter-time simulations considered here.

Validation of these experiments was done using the precipitation climatology by Frei &

SchŠr (1998), which is described in more detail in Section 4.5.

Ensembles with 3 members of month-long simulations of January 1993 were performed

for experiments 1 through 4. The members of the ensembles are initialized on January 1,

1993, 24 hours earlier and 48 hours earlier. A single monthlong simulation of January

1993 was performed for simulation 5. The following nesting strategies were used for

these simulations:

1. ÒStandardÓ nesting strategy, i.e. CHRM56 driven by ERA and CHRM14 driven by

CHRM56 (scale jump in resolution: 2 and 4). This nesting strategy will later be used

for the experiments in Section 4.

2. CHRM14 directly driven by ERA data (scale jump in resolution: 8).

3. ERA driving the CHRM at 1û horizontal resolution, driving CHRM56, driving

CHRM14 (scale jump in resolution: 1, 2, and 4).

4. ERA driving the CHRM at 1û horizontal resolution, driving CHRM14 (scale jump in

resolution: 1 and 8).

5. Same as (1), but disregarding cloud water from the CHRM56 output Þelds.

The Þrst two experiments represent different resolutions in the driving Þelds, whereas

the CHRM runs of experiments (3) and (4) are meant to have the same physical

parameterization as "standard" while having the same resolution as the ERA Þelds. With

such an experimental setup, the question of different physical parameterization as well

as the different resolution of the driving Þelds are taken into account.

Figure 2.3: Experimental setup of the simulation periods of CHRM56 and CHRM14.

1988 1989 1991 1992 19931990

CHRM56

CHRM14
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Figure 2.4 displays the mean daily precipitation and its domain mean yielded by the

different simulations. The simulations differ mainly in the total mean daily precipitation

and in the intensity and horizontal scale of contaminative effects near the lateral

boundaries. The spatial distribution inside the lateral boundaries is similar in all

simulations. The spots of strong precipitation north-east and west of Luxembourg are

present in all simulations. Furthermore the structures of stronger precipitation along the

ridge of the Alps and the wet - dry - wet pattern across the Rhine valley north of Basel

are present in all simulations. The dry areas south of the Alps and in the Auvergne in

southern France are also well captured regardless of the nesting strategy.

The simulation driven by the CHRM with 1û grid spacing generates the highest overall

precipitation amount throughout the entire model domain (Figure 2.4-4) and the

simulation being directly driven by the ERA (Figure 2.4-2) has the least precipitation. The

simulations with ÒstandardÓ nesting (Figure 2.4-1) and double nesting (Figure 2.4-3) are

very similar with regard to the precipitation amount and distribution and are closest to

the precipitation analysis from observations.

The CHRM14 simulation being directly driven by the ERA (Figure 2.4-2) shows

signiÞcantly less total precipitation than the simulations with multiple nesting (Figure

2.4-1, 3, and 4). The very dry area along the model domain boundary suggests a much

stronger boundary effect in this simulation compared to the others. This strong

boundary effect could arise due to a different implementation of cloud water and

humidity in the ERA compared to the model. To test this hypothesis, a single simulation

of ÒstandardÓ nesting was performed, where the liquid cloud water was set to zero in the

CHRM56 output (Figure 2.4-5). The dry area along the model domain boundaries could

be partly reproduced, but the overall precipitation amount is much closer to the

simulation with the ÒstandardÓ nesting than to the simulation being directly driven by

the ERA. The cloud water content can therefore not explain all of the differences in the

simulations.

The simulation of CHRM14 driven by the CHRM with 1û grid spacing (simulation 4) is

much closer to the ÒstandardÓ simulation than the simulation of CHRM14 directly

driven by the ERA (simulation 2). Simulation (4) even overestimates precipitation much

more than the simulation using ÒstandardÓ nesting. This suggests that the scale jump

alone cannot explain the underestimation of precipitation when the simulation is directly

driven by the ERA. On the other hand, CHRM56 is able to simulate precipitation of good

quality (LŸthi et al. 1996). A possible explanation for the poor result of the CHRM14

simulation driven directly by ERA could be that the domain of the high-resolution

simulations is not large enough for the model-physics to fully develop in case of a

signiÞcant scale jump.

Figure 2.5 shows the temporal evolution of the domain mean precipitation. The

averaging domain does not include the lateral boundaries and consists of the domain
10
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ing

ng, 2)
Figure 2.4: Mean daily precipitation of January 1993 of simulations at 14 km resolution us
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CHRM14 driven by ERA, 3) CHRM14 driven CHRM56 being driven by 1û CHRM, 4)

CHRM14 driven by 1û CHRM, and 5) same as (1), but disregarding cloud water from the

CHRM56 output Þelds.
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within the solid lines appearing in Figure 2.4. The domain mean is further limited to

those grid cells having a valid value in the observed precipitation Þeld (Figure 2.4, OBS)

for better comparison with the observation. In the Þrst few days of the month, the

members of most of the ensembles differ strongly. This is regarded as the spin-up period.

From January 8 onwards the different members of the ensembles show very similar

results. The strong resemblance of the members of each of the ensembles suggests that

the differences between the ensembles are not due to predictability limitations of the

system but due to the different nesting strategies. It is interesting to note that a spin-up

seems to be inexistent in the simulation (2), which is directly driven by the reanalysis.

Except for the simulation being driven directly by the reanalysis, the simulations

overestimate the precipitation compared to the observation. As it has to be kept in mind

that the negative bias of precipitation measurements is strongest in winter-time a slight

overestimation compared to the observed precipitation is probably closer to reality than

an underestimation.

The differences in precipitation between the different nesting strategies seem to vary

between events. Whereas all simulations but the one directly driven by the ERA show

very similar results on January 11, they differ much more in the second precipitation

period between January 22 and January 27. On January 11 the synoptic ßow over central

Europe was a zonal westerly ßow (Figure 2.6). The synoptic ßow from January 22 to

January 26, on the other hand, turned from a zonal westerly ßow to a north-westerly ßow

(Figure 2.6). In the event on January 11 the conditions over central Europe eventually

experienced a stronger control by the boundary conditions compared to the event of

January 22 through January 26.

A large number of factors inßuence the result of nested climate simulations. These

factors include the size of the domain, the distance of the region of interest to the lateral

Figure 2.5: Domain mean precipitation for different nesting strategies.
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ours)
boundaries, the jump in resolution between the driving data and the model, differences

in physical parametrization of variables, and the synoptic ßow in the domain. A double

one-way nesting with horizontal grid spacings of 0.5û and 0.125û seems reasonable, as the

scale jump does not exceed a factor of 4. Furthermore the coarse model allows for the

model physics to fully develop for the domain of the high resolution model while no

change in the physical description is needed in the second nesting step.

The "standard" nesting strategy was chosen for the simulations presented in Section 4.

This nesting strategy provides the possibility to simulate at high resolution without

having large scale jumps between the model and the driving data. The "standard"

nesting strategy performs well concerning the total amount as well as the spatial

distribution of precipitation. The results presented in Section 4.6 show, that the

"standard" nesting strategy also performs well in simulations of several months.

Figure 2.6: Temperature at 850 hPa (grey scales) and geopotential height at 500 hPa (cont

on January 11, 22, 24, and 26 of the year 1993, each at 12:00 UTC.
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Chapter 3

The Hydrologic Model WaSiM

The aim of this chapter is to introduce the hydrologic model used for the runoff

modelling. Some general characteristics of the model, the model domain, and the

calibration technique are presented. Furthermore an overview of the experimental setup,

the initialization, and the surface data used for the simulations are given.

The hydrologic runoff simulations are performed with the Water Balance Simulation

Model (WaSiM) that has been developed at the ETH Zurich (Schulla 1997). The model

and its applications have been described in detail by Schulla et al. (2002). WaSiM is a fully

distributed catchment model using physically based algorithms and parameters for the

simulation of the different processes as far as possible. The WaSiM has been successfully

applied in a variety of scales, covering catchments from 3 km 2 to 41’000 km2 and

simulation periods of up to 20 years (Jasper et al., 2002). In this study, WaSiM is used with

a horizontal grid spacing of 1 km and with a time step for the integration of one hour. For

the � rst time, WaSiM is used for climate integrations in combination with a regional

climate model, covering a basin of 146’000 km2 and a time-scale of several seasons to

several years.

Until now the hydrologic runoff model WaSiM has mostly been used with observational

data (Schulla 1997, Klok et al. 2001, Gurtz et al. 2002). Recently WaSiM has also been used

with data from numerical weather prediction (NWP) models (Jasper 2001, Jasper et al.

2002). In the latter study, more sophisticated downscaling techniques are used to

disaggregate the gridded data from the regional climate model for the use with WaSiM.

See also Section 4.3 for a detailed description of these downscaling techniques.

3.1 Model Domain

The runoff simulations are performed for the whole Rhine basin down to the gauge

Cologne. The simulations are performed for subcatchments of different sizes and then

for the intermediate parts of the basin along the river downstream using the results of

the upstream subbasin as driving data. See Figure 3.1 for a geographical overview of the
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Rhine basin and its subcatchments as they were used for the simulations and Table 3.1

for a list of the catchments.

3.2 Surface Data

The land-surface data needed for the hydrologic runoff modelling are the digital

elevation model (DEM, Figure 3.2a), land use (Figure 3.2b), and soil type data (Figure

3.2c and d). These data were gratefully provided by the International Commission for the

Hydrology of the Rhine basin (CHR), for the complete Rhine basin (Sprokkereef 1999).

The gridded data has a grid spacing of approximately 1 km and all of the data uses a

Lambert Conic Conformal projection.

The DEM (MONA Pro Europe) was compiled by the US Army Survey based on aerial

photography, satellite imaging, and topographic maps of the years between 1990 and

1993. The original data set from the US Army Survey had a resolution of approximately

1" x 1". The resolution of the original dataset was reduced by the French company

GEOSYS1 to a grid size of 3" x 3" for 22 European countries. The data set used by the CHR

has a resolution of 75 x 75 m. The vertical accuracy is approximately 3.5 - 5 m in most

parts of Europe and may decrease to 12 - 15 m in steep mountainous terrain.

1. http://www.geosys.fr

Figure 3.1: Catchments of the Rhine basin used for the hydrologic simulations.
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3.2 Surface Data
The land use data is based on the European CORINE land use data set (EEATF 1994)

where available. Since no CORINE data were available for Switzerland the Swiss

national land use statistic (BFS 1999) was converted in land use classes similar to those

in CORINE. The original CORINE data set has a horizontal resolution of 100m.

The soil data is based on the vectorized maps of the European Soil Database (CEC 1985).

These data were in soil types as de� ned by the FAO (FAO-UNESCO 1981) and had to be

transformed into soil classes for hydrological runoff modelling. This conversion was

done using an average content in silt, clay, and sand of the different soil types and soil

classes in the U.S.D.A soil texture triangle (U.S.D.A 1951). This leads to a loss in

information, as the number of soil classes (excluding glaciers and not classi� ed soils) in

the Rhine basin is being reduced from 12 to 4.

Table 3.1: Catchments simulated by WaSiM.

Catchment
Nr.

Gauge River
Size up to
the gauge

[km 2]

Size of the last
catchment up to

the gauge [km2]

In� ow
from other
catchments

1 Diepoldsau Rhine 6’119 6’119

2 Constance Rhine 10’919 4’800 1

3 Baden Limmat 2’396 2’396

4 Mellingen Reuss 3’382 3’382

5 Hagneck Aare 5’128 5’128

6 Brügg Aare 8’317 3’189 5

7 Untersiggenthal Aare 17’625 3’530 3, 4, 6

8 Rheinfelden Rhine 34’550 6’006 2, 7

9 Maxau Rhine 50’343 15’793 8

10 Rockenau Neckar 12’710 12’710

11 Worms Rhine 68’936 5’883 9, 10

12 Frankfurt-Osthafen Main 24 ’764 24’764

13 Mainz Rhine 98’488 4’788 11, 12

14 Kaub Rhine 103’729 5’241 13

15 Kalkofen-Neu Lahn 5’320 5’320

16 Fremersdorf Saar 6’904 6’904

17 Perl Mosel 11’522 11’522

18 Cochem Mosel 27’100 8’674 16, 17

19 Andernach Rhine 139’795 3’646 14, 15, 18

20 Cologne Rhine 144’612 4’817 19
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duse

odel.
3.3 Model Description

The structure of WaSiM consists of a number of different modules for the description of

the important hydrological processes. Figure 3.3 displays the steps of calculation and

modules in its convention for the application with observed input data. It will be used in

this study with a horizontal resolution of 1 km and 31 vertical soil layers.

After an interpolation of the meteorological data and an adjustment of radiation and

temperature for slope, exposition, and for shadowing effects, the evapotranspiration and

snowmelt or snow accumulation are calculated. The simulation continues with the

Figure 3.2: Surface data used for the hydrologic modelling: a) digital elevation model, b) lan

data, c) soil classes according to the FAO, and d) soil classes as used in the hydrologic m

a) b)

c) d)

S

Altitude [m]
40 - 246
247 - 388
389 - 566
567 - 813
814 - 1145
1146 - 1554
1555 - 1999
2000 - 2473
2474 - 3980

S

Landuse
Forest
Agriculture
Grass
Settlements
Water
Horticulture
Rock & Bare Soil
Glaciers

Soil
Fluvisols
Gleysols
Regosols
Lithosols
Arenosols
Rendzinas
Phaeozems
Cambiosols
Luvisols
Podzols
Histosols
Glaciers
not classified
Rankers

Soil
Silt Loam
Silty Clay Loam
Silt
Sandy Loam
Glaciers
not classified
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3.3 Model Description
computation of interception, surface runoff, and in � ltration. Within the 31 soil layers, the

vertical � ow of water is calculated in the unsaturated and saturated zones, leading to the

generation of inter � ow and base� ow as components of the total discharge. Routing is

applied to the total discharge in prede � ned routing sections.

Interpolation of meteorological Data

As the meteorological data used to drive WaSiM is usually not available at the horizontal

resolution being used for the runoff simulation, a spatial interpolation of the data has to

be performed. WaSiM was originally developed for being driven by observed

meteorological data and therefore includes several methods for the interpolation of

observed meteorological data. These methods include height-dependent linear

regression and other methods to account for the high resolution topography. Methods for

Figure 3.3: Modules of WaSiM.

shadowing and exposition
dependent adjustment for
radiation and temperature

potential and real
evapotranspiration

interception

discharge routing

saturated zone

unsaturated zone

cell by cell calculation

evaporation from
snow surfaces

evaporation from the
interception storage

evapotranspiration
from the soil and

from the vegetation

generating
surface runoff

generating
baseflow

total discharge

translation-retention-
approach using hydraulic
parameters for channels

infiltration after
Green and Ampt (1911)
using saturation time after
Peschke (1977, 1987)

max. storage capacity
dependent on leaf area index,
depletion through  potential
evaporation

various approaches (e.g.
Anderson 1973, Braun 1985,
Hock 1998)

Penman -Monteith after
the MORECS-scheme
(Thompson et al. 1981)

altitude dependent regres-
sion; IDW interpolation;
combinations; bilinear or
bicubic spline interpola-
tion and more

adjustment of radiation
dependent on solar and
local geometry

precipitation correction
correction separately for
rain and snow, dependent
on wind speed

generating
interflow

input of

meteorological data

Version 1: variable satura-
ted area after Beven and
Kirkby (1979)

Version 2: Richards-
equation for discretised
layers and coupling to a
2D-groundwater model

station data or altitudinal
gradients calculated in a
preprocessing step

infiltration / generation
of surface runoff

interpolation of the
meteorological

input data

 snow accumulation
and snow melt
glacier model
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the use of data from meteorological models, i.e. gridded data, have recently been

developed for this study. These methods are described in detail in Section 4.3.

Radiation and temperature are adjusted to account for slope, exposition, and shading of

the grid cells. This adjustment is done according to Oke (1987) using the zenith angle of

the sun and the angle of the slope. Such an adjustment is meant to account for the high

resolution of the topography used for the hydrologic model and is therefore also applied

for simulations driven by climate model data.

Evapotranspiration

The potential evapotranspiration is being computed using the Penman-Monteith

equation (Monteith 1975, Brutsart 1982). The real evapotranspiration is estimated by

using the moisture conditions of vegetation, land surface, and in the soil. It is equal to the

potential evaporation for a given soil water content. For higher and for lower soil water

content, the real evaporation is lowered compared to the potential evapotranspiration,

and for soil moisture below wilting point, the real evapotranspiration is zero.

Snow Accumulation and Snowmelt

Total precipitation is divided into solid precipitation (snow) and liquid precipitation

(rain) using a temperature threshold and a transition range of temperature. Within the

transition range snow and rain coexist with the fraction of the two changing according

to the temperature. Below 0�C all precipitation is snow, above 2 �C all precipitation is rain.

Between 0�C and 2�C the fraction of snow decreases linearly with increasing

temperature, while the fraction of rain increases.

Snowmelt is calculated with the simple degree-day method (Anderson 1973, Braun

1985). In the degree-day or temperature index model, temperature is used as an integral

value of the energy balance at the surface. The snowmelt is assumed to be proportional

to the integral of positive temperature over time.

Interception

Interception in WaSiM is de � ned as the storage of precipitation and melt water on

vegetation and on the land surface. The storage capacity of the interception depends on

the type of vegetation being de � ned by the leaf area index (LAI), on the fraction of

vegetation coverage, and on the depression storage capacity of the land surface.

Soil Water Model

The soil water model within WaSiM consists of in � ltration, vertical � uxes of water in the

unsaturated zone, and a ground water model. As a result of these processes, inter� ow

and base� ow are generated. Irrigation and arti � cial drainage can also be taken into

account but they are disregarded in this study. The in � ltration into the soil is the upper

boundary condition for the water � uxes in the unsaturated soil. Its calculation is a

combination of the in � ltration equation by Green and Ampt (1911) and the saturation

time estimation from Peschke (1987). The vertical � uxes of water within the unsaturated
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3.3 Model Description

n at
zone are calculated using the Richards equation (Richards 1931) with a � nite difference

scheme. For these calculations the soil is discretized. In this study, 31 discrete soil levels

of a thickness of 33 cm each are used, reaching a total thickness of approximately 10

meters. The soil thickness is chosen to be deep enough for the groundwater table to be

always inside the soil layers. A scheme for the description of the vertical processes in the

soil model is shown in Figure 3.4.

After the calculation of the vertical � uxes at each grid cell, the surface runoff, inter � ow,

base� ow, and in � ltration into or ex � ltration from rivers are calculated. For the

calculation of the runoff concentration of surface runoff and inter � ow, the runtime of the

runoff to the catchment gauge is being accounted for before a linear reservoir approach

is applied. When the extended groundwater model is not used, the base � ow is

aggregated over the whole catchment to a total base� ow to which a linear reservoir

approach is also applied. The spatial distribution of direct runoff, inter � ow, and base� ow

is no longer being considered.

Temperature is not being accounted for in the soil model. The vertical conductivity

within the soil is assumed independent of temperature. Soil freezing and its

consequences are not taken into account.

Groundwater Model

The groundwater table is the lower boundary condition for the unsaturated soil. Besides

the simple approach for calculating the groundwater presented before, there is the

Figure 3.4: Simulation scheme of the vertical ßuxes simulated with the RichardÕs equatio

each grid cell.
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possibility to use an extended groundwater model. The level of the groundwater table is

calculated by using the vertical � uxes between the groundwater model and the soil

model. The balance of the soil layer containing the groundwater table de � nes the ground

water recharge. The multi layer groundwater model is bi-directionally coupled to the

model of the unsaturated zone. It is possible to calculate horizontal exchange and the

hydraulic properties of the saturated soil in the groundwater model or to use a simpler

groundwater model only considering the balance in the whole subcatchment. Both

methods are being applied in this study. The extended groundwater model yielded

unrealistic results in the Alpine catchments and was therefore only used downstream of

Rheinfelden.

The saturation water content and the saturated hydraulic conductivity of the soil, both

needed in the groundwater model and in the soil water model, are de � ned by the soil

type.

Routing

WaSiM calculates channel routing based on the hydraulic calculation of the � ow

velocities by the Manning-Strickler equation (Manning 1890, Strickler 1923). The routing

is only being considered in prede � ned routing sections. As these routing sections are

de� ned in between runoff gauges as de� ned in the model, the routing is not accounted

for in the uppermost basins and in tributaries upstream of prede � ned gauges. The

number of gauges de� ned in the model is not limited by the number of gauges in reality.

Arti � cial gauge locations can be de� ned for the routing to be calculated.

3.4 Calibration

The calibration was done seperately for each of the catchments listed in Table 3.1 using

the simulated runoff of the upstream catchments. The calibration was performed for a

period of little more than 2 years of the simulation period, from September 1987 until

October 1990. Output of the CHRM56 control simulation was taken to drive the

hydrologic simulations for the calibration.

Even though WaSiM is mainly built on physically based algorithms, a few parameters

have to be calibrated for each of the basins. In this study, calibration is limited to the

recession constants for the inter� ow and the direct runoff. The recession constants de� ne

the recession of a fast and a slow runoff component, the direct runoff, and the inter � ow

respectively. The drainage density for inter � ow generation, representing a parameter for

the amount of soil water being fed into the inter � ow, was kept constant at a value of

60 m-1.

In case the extended groundwater model is used, the hydraulic conductivity of the soil

has to be set. As no detailed information on this parameter exists, the hydraulic

conductivity is another parameter to be calibrated. If the extended groundwater model
22



3.4 Calibration
is not used, the base� ow is calculated with a conceptual approach and includes 2

parameters to be adjusted: the scaling factor and the recession constant for base� ow. All

of these groundwater parameters were kept constant for the simulations in this study.

The values of 0.43 m for the recession constant and 0.01 for the scaling parameter were

taken from earlier studies in the Thur catchment in Switzerland.

Furthermore, the fraction of snowmelt being transformed into direct runoff can be set

freely and the routing model includes a number of parameters. A set of parameters for

routing is calculated in the topographic analysis of the digital elevation model, but these

parameters can also be modi� ed for calibration. The threshold temperature and the

temperature range for snow accumulation represent parameters for the snow

accumulation. Neither was changed throughout the simulations. The temperature

threshold and the degree day factor for snowmelt were not used for calibration either.

The model performence is estimated by the coef� cient of ef� ciency E (Legates and

McCabe, 1999), de� ned as

,

where Oi denotes the observed runoff, the mean observed runoff, and Pi the predicted

runoff. The coef� cient of ef� ciency ranges from minus in � nity to 1.0 with higher values

indicating better agreement of model and observation. Physically, the coef � cient of

ef� ciency is the ratio of the mean square error to the variance of the observed data,

subtracted from unity. To improve the agreement of low and high runoff, the coef � cient

of ef� ciency is applied to both the original runoff values and to the logarithm of the

runoff values.

The result of the calibration, the recession constants for inter� ow and direct runoff

leading to the best agreement with the observed runoff, are shown in Figure 3.5. As the

runoff in the lowest subbasins is dominated by the upstream runoff, the in � uence of the

recession constants on the runoff is small in these subbasins. The high values in the

recession constant for inter� ow yielded in the best results but their physical meaning is

questionable. The coef� cients of ef� cieny for the simulated runoff achieved in the

calibration period are shown in Figure 3.6 and those achieved in the whole simulation

are shown in Figure 3.7.

The best possible quality of the simulations also depends on the relationship of the

spatial variability of the topography, the land use, and the soil properties on the one hand

and the size of the grid cells on the other hand. Simulations in the Thur catchment with

observational data (Schulla, 1997) have shown that even for a very small Alpine

catchment of 82 km2 the quality of the simulation decreases signi � cantly only with the
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Chapter 3: The Hydrologic Model WaSiM
size of the grid cells exceeding 2 km (Figure 3.8). The decrease in quality with increasing

cell size was much less for the whole prealpine catchment of the Thur (Figure 3.8) having

1’700 km2 in total. A cell size of 1 km therefore seems to be reasonable for the simulation

of the Rhine basin and its subcatchments.

Figure 3.5: Recession constants for interßow (Qi) and for the direct runoff (Qd) in hours yielding

the best agreement with observed runoff.
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Figure 3.6: CoefÞcents of efÞciency for the original runoff (Elin) and for the logarithm of the

runoff (Elog) for the calibration period (1.9.1987 - 31.1.1990).
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3.4 Calibration
Another quality measure for a hydrologic model is the closure of the water balance. The

closure of the water balance in WaSiM depends on the groundwater model used for the

subbasin. For the simulation driven by CHRM56, the water balance in subbasins using

the simple groundwater model has a de � cit of less than 3% of the incoming precipitation.

In subbasins using the sophisticated groundwater model, the water balance has a de� cit

of 6% to 17%. A more detailed analysis of the water balance is presented in Appendix D.

Figure 3.7: CoefÞcents of efÞciency for the original runoff (Elin) and for the logarithm of the

runoff (Elog) for the whole simulation period (1.9.1987 - 31.1.1994).
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Figure 3.8: Best possible model performance (coefÞcient of efÞciency, here denoted as R2)

depending on the model resolution (Schulla 1997).
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3.5 Model Initialization

Ideal initial conditions for a hydrologic simulation include a good knowledge of the

distribution of the soil water content, the snow cover, the water levels in the river

channels and of the ground water table. Furthermore the whole hydrological cycle

should be in an equilibrium. As WaSiM only allows a single initial value in each subbasin

describing the ground water table and the soil water content at the beginning of a

simulation, the following experimental setup was chosen to obtain the best possible

initial conditions for the � ve winter simulations.

At � rst � ve repetitive simulations of one year each were carried out with WaSiM being

driven by data from the CHRM56, each beginning on September 1st 1987. The initial

conditions are recycled, i.e. they are taken from the previous run of the repetetive

simulations. These � ve simulations of the same year are intended to achieve an

equilibrium of the different water reservoirs within the model including river channels,

ground water, and the soil water content. Having achieved an equilibrium, the WaSiM is

continued to be driven by data from the CHRM56 for a period of over 6 years, lasting

from September 1987 until January 1994. Data from this simulation is used for the

initialization of the � ve winter simulations driven by the CHRM14. These data should

include a good representation of the snow cover at the beginning of each winter. The

spinup period of the CHRM14 of almost 20 days should then be suf � cient to adjust the

initial conditions to the higher resolution driving data. Only the results from beginning

of November till end of January are being considered for each of the winters in the

analysis. The setup is very similar to the one of the CHRM. Therefore, Figure 2.3 applies

also to the simulations with WaSiM with the only difference that the model is the WaSiM

being driven by the CHRM56 and CHRM14 respectively, instead of the CHRM56 and

CHRM14 itself.
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Chapter 4

Coupling of a Regional Climate Model
with a Distributed Hydrologic Model

4.1 Introduction

For studying in � uences of climate change on the hydrologic cycle, the hydrologic cycle

has to be considered in its entirety. Therefore it is important to couple climate models

with hydrologic models to be able to simulate the relevant hydrological processes. The

coupling of a regional climate model with a distributed hydrologic model is presented in

this section.

Up to now, simulations of large river basins like the Rhine were done at coarse spatial

resolution and simplifying or even disregarding the Alpine catchments due to their

complexity (Ebel et al. 2000). The distributed runoff modelling in this study is done at

1 km horizontal resolution for the whole Rhine basin down to Cologne. The resolution

of the regional climate model was chosen to resolve the climate patterns within the basin.

With a horizontal grid spacing of approximately 14 km, the regional climate model

covers the Rhine basin of 145’000 km2 with 871 grid cells.

4.2 Model Description and Experimental Setup

The model suite consists of the regional climate model CHRM and the distributed runoff

model WaSiM covering more than two orders of magnitude in spatial scales. An

illustration of the different scales, the different model domains, and the different model

resolutions is provided in Figure 2.1.

4.2.1 The Climate Model CHRM

The regional climate model CHRM used in this study is described in detail in Section 2.

An overview of CHRM is presented in this Section.

The regional climate model CHRM is based on the mesoscale weather prediction model

HRM of the German Weather Service (DWD) which is the successor of the German
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Weather Services EM, the Europa-Modell (Majewski 1991, Schrodin 1995). The model has

been adapted for climate simulations (Vidale et al., 2002) and is being used in a nested

mode with horizontal grid spacings of 0.5 � (56 km) and 0.125� (14 km) on a latitude-

longitude grid with a rotated pole, hereafter called CHRM56 and CHRM14. Model

version 2.0 from June 2000 was used for this study.

The CHRM operates on a rotated spherical grid covering a domain as depicted in Figure

2.1. Hybrid vertical coordinates are used. Vertical coordinates are terrain following near

the ground and gradually turn into pressure levels with height. 20 vertical levels are used

in CHRM56 whereas 30 vertical levels are used in CHRM14.

The prognostic variables of the CHRM are surface pressure, total heat content, water

vapour, cloud water, and the horizontal wind components. The timesteps for the

integration are 150 seconds for the CHRM56 and 75 seconds for the CHRM14.

The physical parameterizations used in the CHRM include:

• Kessler-type (Kessler 1969) grid-scale cloud microphysics as updated by Lin et al.

(1983) for the ice-phase

• Mass � ux convection scheme after Tiedtke (1989)

• Vertical diffusion after Holtslag and Boville (1993) for the surface layer, a 1.5-order

scheme after Mellor and Yamada (1974) in the boundary layer and above

• Radiation scheme after Ritter and Geleyn (1992) based on the solution of the delta-two-

stream version of the radiative transfer equation at all wavelengths, with full cloud-

radiation feedback

• Two-layer extended force-restore soil model after Jacobsen and Heise (1982) including

snow and interception storage

• Land surface parameterization adapted from Dickinson (1984) and driven by ISLSCP

(Sellers et al. 1994) data with three soil water layers (Heck et al. 1998)

The modi � cations to the CHRM for climate simulations include a different soil layer

distribution and the vertical diffusion for the surface layer (Holtslag and Boville 1993).

Furthermore, a non-standard Soil-Vegetation-Atmosphere-Transfer-Scheme (SVATS),

the TERRA, which was adapted from Dickinson (1984) and Jacobsen and Heise (1982),

was included.

The leaf area index (LAI) and the fraction of vegetation cover in the surface boundary

data are derived from the International Satellite Land Surface Climatology Project,

ISLSCP (Sellers et al., 1994).

The predecessor of the CHRM has been previously used in various regional climate

studies (Frei et al. 1998, Fukutome et al. 1999, Heck et al. 1999, Heck 1999, Heck et al.

2001, Lüthi et al. 1996, Lüthi et al. 1997, Schär et al. 1996) and has contributed to the

model inter-comparison by Christensen (1997).
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4.2.2 The Hydrologic Model WaSiM

A detailed description of the distributed hydrologic model WaSiM can be found in

Section 3. An overview of WaSiM is presented in this section.

The distributed hydrologic model WaSiM is operated at a horizontal grid spacing of 1 km

for the whole Rhine basin down to Cologne, covering approximately 145 ’000 km2.

WaSiM is a fully distributed, grid based catchment model using physically based

algorithms for the different processes leading to runoff. The model includes a SVATS, a

soil-water model, a groundwater model, runoff generation, and a routing routine. The

vertical transport of water within the unsaturated soil is computed using the Richard ’s

equation. The soil model has 31 layers of 33 cm thickness each, reaching to 10 meters.

Surface runoff and inter � ow are generated at each grid cell. For the calculation of the

runoff concentration of surface runoff and inter � ow, the runtime of runoff from each grid

cell to the catchment gauge is taken into account before a linear reservoir approach is

applied to the runoff. The runtime for the runoff is calculated for each grid cell in the

topographic analysis prior to the simulation. Base � ow is generated depending on the

volume and the characteristics of the groundwater storage.

4.2.3 Experimental Setup

The simulations presented within this study are so-called perfect boundary condition

simulations, driven by the ECMWF reanalysis (Gibson et al. 1997) � elds at a resolution

of T106, i.e. approximately 120 km. The simulations of CHRM were performed using a

one-way nesting approach. The simulation of CHRM56 is driven by 6-hourly ECMWF

reanalysis data and lasts from September 1987 until January 1994. CHRM14 was used for

winter time simulations driven by 6-hourly CHRM56 output. The simulations of

CHRM14 cover � ve winters (1989/90 till 1993/94) of three months each (November till

January). A period of more than two weeks before the beginning of November is

simulated with CHRM14 to allow for spin-up of the model.

Runoff simulations with WaSiM have been performed for the same periods as those

covered by CHRM56 and CHRM14. Runoff simulations driven by CHRM56 cover a

period from September 1987 till January 1994 and those driven by CHRM14 cover 5

winters (1989/90 till 1993/94) of more than three months each (mid October till end of

January). WaSiM was driven by hourly output of CHRM14 and by 3-hourly output of

CHRM56. The latter data is linearly interpolated to the hourly data required for the

runoff simulations. An initialization of snow cover and soil water content was achieved

by repeating hydrologic simulations driven by CHRM56 data of the � rst year with

recycled initial conditions for several times.

Calibration of the recession constants for surface runoff and inter � ow was performed for

the period from September 1987 until January 1990 with WaSiM being driven by

CHRM56 data. The extended groundwater model was used in the foreland basins

downstream of Rheinfelden, but not in the Alpine catchments themselves.
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4.3 Coupling of the Models

Downscaling has to be applied to the results of the regional climate model in order to

overcome the scale gap in grid spacing between the regional climate model and the

distributed hydrologic model. The downscaling is necessary for all of the variables

needed to run the hydrologic model. In the case of the WaSiM these variables are:

• Precipitation,

• Temperature,

• Radiation,

• Wind speed, and

• Relative humidity.

Different methods of downscaling have been applied to the different variables. More

sophisticated downscaling techniques were applied to precipitation and temperature, as

these are the most important variables for the runoff modelling. The downscaling

technique for each of the variables is presented hereafter.

Precipitation

The downscaling of precipitation is based on the idea that the ratio of the � ne scale

precipitation � eld to the coarse scale precipitation � eld is constant throughout a certain

time period (Widman and Bretherton, 2000). A high resolution precipitation climatology

of monthly precipitation (Schwarb et al., 2001) with a horizontal resolution of

approximately 2 km is used for the high resolution precipitation � elds. The monthly

precipitation � elds are � ltered to the resolution of the CHRM56 and CHRM14, i.e. to

56 km and 14 km respectively. The coef� cient between the original climatology and the

� ltered � eld is then applied to the precipitation � eld provided by the CHRM:

Here CHRMlowresand CHRMhighresdenote the linearly interpolated and the downscaled

CHRM output, respectively. Figure 4.1 shows the original and the � ltered climatology

and the downscaling coef� cient for the month of December.

A bias-correction of precipitation has been applied for each of the catchments simulated.

The calculation of the bias is based on the analysis of observed precipitation by Frei and

Schär (1998). One single bias factor was calculated for each basin for the whole

simulation period, i.e. for 6 years for CHRM56 and for the 5 winter seasons for CHRM14.

No seasonal variations of the bias were taken into account. The bias corrections in

precipitation amount from 0% to +30% for CHRM56 and from -20% to +40% for

CHRM14. See Figure 4.2 for the spatial distribution of bias corrections applied to the

catchments.
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