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Abstract. The impact of projected climate change on the differentiated results emphasize the need of high resolution
long-term hydrological balance and seasonal variability inclimate input data and distributed modelling for regional im-

the federal German state of Thuringia was assessed and anpact analyses.

lysed. For this study projected climate data for the scena-
rios A2 and B1 were used in conjunction with a concep-

tual hydrological model. The downscaled climate data arel Introduction
based on outputs of the general circulation model ECHAM5

and provide synthetic climate time series for a large num- . . . :
ber of precipitation and climate stations in Germany for theAnthropogenlcally caused global climate change is exposing
precip Y the global environment and mankind large challenges which

time period o-f 197.1 tq 2100. These Qata were_u_sed_ to COMpave already been described and investigated in a large num-
pute the spatially distributed hydrological quantities, i.e. pre-

cipitation, actual evapotranspiration and runoff enerationber of research projects and publications. The Intergovern-
P ! b sp . gerl mental Panel on Climate Change (IPCC) plays a central role
with a conceptual hydrological model. This paper discusses

briefly the statistical downscalina method and it al'dat'onm the coordination and publication of the climate change re-
prietly the Statistic whscafing m IS Valldation ¢ o rch. The IPCC Fourth Assessment Report was published
in Thuringia and includes an overview of the hydrological

in November 2007 Http://www.ipcc.ch) and comprises the

conditions in Thuringia follow the general European climate%lctual progress and findings of the current knowledge about
9 9 P climate change and its global and regional impacts.

trends — increased temperature, wetter winters, drier sum- L . L )
: ST : The scientific basis for the projection of climate change
mers. But, in terms of the spatial distribution and interannual. ; . : . .
s . . . is provided by simulation results from general circulation

variability regional differences occur. The analysis showed

. : L T T models (GCMs). The most common models are coupled

that the general increase of the winter precipitation is more : .

T : : . . _atmosphere-ocean general circulation models (AOGCM)
distinct in the mid-mountain region and less pronounced in

.~ .which simulate the physical processes in the atmosphere and
the lowland whereas the decrease of summer precipitation is ;

. . T . - atthe interfaces between atmosphere and oceans or land sur-
higher in the lowland and less distinct in the mid-mountains.

" S face. Such models are used to produce realistic simulations
The actual evapotranspiration showed a statewide increasg S .

) T . of large-scale patterns of the atmospheric circulation and
due to higher temperatures which is largest in the summer pe-

riod. The resulting runoff generation in winter was found to of other climate variables/gn Ulden and van Oldenborgh

. . ) X ; : 2006. Comparisons of AOGCM model capability to sim-
increase in the mid-mountains and to slightly decrease in thé . " e

. . ulate climate conditions over the last century indicated that
lowland region. In summer and fall a decrease in runoff ge-

neration was estimated for the entire area due to lower preciEhey are of remarkable quality but that their results still in-

pitation and higher evapotranspiration rates. These spatialhzlIude a considerable amount of uncertainty (gan Ulden
' nd van Oldenborgl2006 Randall et al.2007 Covey et al.

2003 McAvaney et al.2002).
One AOGCM is the ECHAM5/MPI-OM model that re-
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the Max-Planck-Institute for MeteorologyReckner et al.  in common the use the of GCM output and observed time
2003. ECHAMS5 has 31 pressure levels and uses a spatiateries as predictors to generate simulated time series for
resolution of 192 circles of longitude and 96 circles of lati- some longer periods of intere€dilowsky et al, 2007). The
tude resulting in a grid size of approximately 20000km  WettReg approachEnke et al. 2005gb) used in this study
at the equator. The control run of ECHAMS over the period is a weather pattern based weather generator which uses
of 19611990 resulted in an underprediction of upi@ for ECHAMS output along with observations from several hun-
the annual mean temperature and an overprediction of the ardred climate and precipitation stations throughout Germany
nual mean precipitation of up to 30 mm in Euroftadall  as input Enke et al, 20053.
et al, 2007). Bronstert et al(2006 compared three different regional
For projections of possible future climate conditions climate data sets, one from a RCM and two from statistical
GCMs are typically driven with forcing conditions defined downscaling approaches for south-western Germany, includ-
by climate-change scenarioEKstibm et al, 2007). The ing the WettReg approach used in this study. They found out
most common scenarios are B1, A2 and A1B defined in thethat the prognosis of extreme precipitation events and other
Special Report on Emissions Scenarios (SRES) prepared bghort-term predictions still retain a high degree of uncertainty
the IPCC [akicenovic et a].2000. but that the data sets are suitable for long-term analysis of hy-
Scenario B1 is characterised by an increased ecologicadrological dynamics.
and social awareness and stronger global cooperation of the It should be noted that any downscaling approach, sta-
world’s nations. It assumes that new technologies will lead totistical or dynamical, that performs well under present cli-
a more efficient use of natural resources and less consumpmate conditions may not necessarily perform well under fu-
tion of production material. Population growth is assumedture conditions Murphy, 1999. For instance, the assump-
to be low and may result in an estimated world populationtions and statistical constraints derived from present climate
of 7 billion people by 2100. C®emissions will rise in the and weather patterns used for statistical downscaling may no
B1 scenario to 9 Gt C at 2050 and will then decrease to thdonger be valid under changed climate conditions. Whereas,
amount emitted in 1990. RCMs might not be able to reflect potential process changes
Scenario A2 is more economically driven than scenario Blor changed boundary conditions due to future anthropogenic-
and assumes a larger population growth (15 billion people byrelated development of environmental conditions.
2100), a highly variable regional development and limited The fourth IPCC assessment report states that a likely in-
technology transfer between the world’s nations combinedcrease of the annual mean temperature in Europe which will
with low initiative to solve global environmental problems be greater than the global mean. In central Europe preci-
together. A2 assumes that g@missions will rise continu-  pitation is likely to increase in winter but decrease in sum-
ously to 17 Gt C in 2050 and nearly 30 Gt C in 2100. mer. The extremes of daily precipitation are very likely to
The third scenario, A1B, represents population growth,increase in northern Europe and the risk of summer drought
emission rates and political conditions somewhere in be-s likely to increase in central Europ€liristensen et al.
tween those of scenarios A2 and B1. The A1B scenario wa20073. Because these projections are based on analysis of
not considered in this paper because the A2 and B1 scenaoarse-resolution AOGCMs, regional effects, changes and
rios allowed the investigation of the entire range of potentialvariability cannot be assessed in detail.
system response to climate change. Any change in temperature and precipitation will have a
The output of GCMs cannot be used directly for regional direct impact on water quantity, availability and distribution.
assessment and impact analysis of climate change becauBecause of the importance of hydrology for the eco-system
of the relatively coarse spatial resolution. For downscal-and general human welfare, many research studies have in-
ing GCM output, a wide range of methods has been devestigated the impact of global climate change on hydrologi-
veloped which can be classified into dynamical and statisti-cal processes on various scales. These studies used different
cal approachesQrlowsky et al, 2007). Dynamical down-  hydrological models that were driven by the output of differ-
scaling approaches, often referred to as Regional Climatent climate models. On a global and continental scale, large-
Models (RCM), simulate the same physical processes ascale hydrological models are driven directly with the output
GCMs but on a more refined scale whereby GCM output isof GCMs (e.g.Arnell, 2003 Lehner et al. 2006§. On the
used as boundary conditions for the RCNDglpwsky et al, regional scale most of the time RCMs are used to drive con-
2007. An overview describing the capabilities of a number ceptual hydrological models (e.blenzel and Birger, 2002
or RCMs is given inJacob et al(2007), Deque et al(2007) Kunstmann et al.2004 Thodsen 2007 Leander and Buis-
andChristensen et a{20078. hand 2007). Most of these studies described problems with
According to Wilby and Wigley (1997 and Orlowsky  the amounts and distribution of precipitation caused by in-
et al.(2007), statistical downscaling approaches can be clas-sufficient regional representation by the RCMs.
sified into transfer functions (e.@4urphy, 1999, weather In this paper, we present a regional assessment study of
generators (e.gVilks, 1999 and weather type schemes (e.g. potential spatial and temporal changes of the seasonal hy-
Enke and Spekatl997. The statistical approaches have drological dynamics for the German state Thuringia. The
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results were derived by the application of the conceptual hy-A2, B1 and A1B. For validation and comparison, observed
drological model J2000g driven with historical and projected data from 1971 through 2000 also are included. For every
climate data from the statistical downscaling approach Wett-decade, ten different downscaled time series with 7300 time
Reg UBA, 20073ab; Enke et al.2005abh). steps (2 times 10 years with 360 days) for every weather ele-
A map of the state of Thuringia is shown in Fiy. The  ment are included in the data set. With this large amount of
map shows the elevation above sea level, the location of clidata, the uncertainty of the statistical downscaling approach
mate and precipitation stations used in this study and the outshould be accounted for. It should be noted that every single
lines of twelve catchments used for model calibration andvalue (i.e. a weather element for one day) is simply a ran-
validation mentioned later in the text. dom value of a well defined statistical field. This precludes
the direct use of a single WettReg time series as a driver for
any modelling. Moreover, the data should be either averaged

2 Material and methods beforehand or used to create ensemble predictions in order to
provide reliable results.
2.1 The statistical downscaling approach WettReg Validation of the WettReg output was performed for Ger-

many for the hydrological years of the time period 1971—

The WettReg methodology was developed by the compa2000 by the comparison of data derived from the control run
nies Meteo-Research and CEC in Potsdam, Germany. Wetsf ECHAM5 with observed climate valuetJBA, 20073.
Reg is a weather-pattern statistical downscaling approaciThe analysis demonstrated that the 30-year mean values of
that uses circulation patterns and large-scale atmospherigarious climate variables were very close to the observed val-
pressure data as inpuErike et al. 2005ab). WettReg is  ues. The difference of the mean annual temperature from the
able to preserve the natural variation of the predicted recontrol runs to the observed values was reported @4 K
gional variables; this provides an advantage in comparisor{+0.1 K in summer and-0.4 K in winter). For some decades,
to other methods where variability is often reduc&hKe  the deviation was sometimes a little bit higher with a maxi-
et al, 20053. The method attempts to reproduce the occur-mum value of-0.7 K for 1991-2000. The 30 year long-term
rence frequency of regional weather patterns, which are themnnual precipitation derived from the control runs indicated a
used to derive local weather elements, based on statistirelative deviation of +0.1% for summer ard..4% for win-
cal information obtained from observed values. Future re-ter. The deviation of the annual amount was less than 0.05%.
gional climate is simulated by rearranging recent weather Bronstert et al(2006 described a validation of WettReg
condition periods in such a way that they incorporate cir-data for the Southwestern German state Badémtimberg
culation changes modelled with CGMs. For this purpose,for the period 1971-2000. This study reported a mean de-
an objectively-derived circulation pattern classification wasviation of the long-term average temperature -68.04 K
developed and used as a downscaling and adjustment to@¢k0.1 K for summer and-0.17 K for winter) and a slight
(Enke et al.20058. The frequency distribution of the objec- overestimation of the mean annual precipitation of +1.8%
tive circulation patterns then is adjusted to the one simulated+3.0% for summer and +0.3% for winter).
with the CGM for future conditions. Finally, local values  For this study, an additional validation for Thuringia was
for meteorological variables are generated for the new circonducted, based upon the comparison of WettReg tempera-
culation patterns based upon the recombination of observetlire and precipitation derived from ECHAMS5 control runs
anomalies. As new extremes due to climate change cannot bend observed values at four climatological stations and two
provided by the recombination of observed anomalies, thesedditional precipitation stations (Fid). The stations were
are synthesised using regression functions and distributiogelected in such a way that they represent a range of eleva-
adaptations from a combination of different predictors. A tions and different geographical regions in Thuringia. The
much more detailed description of the underlying theory andvalidation was performed using monthly mean values of the
assumptions is given bignke et al. 2005ab. air temperature and mean monthly precipitation sums of the

On behalf of the German Environment Agency (Umwelt- period from 1971 through 2000 and showed that WettReg
bundesamt), WettReg was used to create historical and prowas able to reproduce the measured climatological dynamics
jected climatological time series for 282 climate stations andquite well. Observed precipitation was matched at all stations
1695 precipitation stations in Germany. The projected futuresufficiently but it was obvious that WettReg was estimating
climate data were downscaled based on information fromrainfall for the stations located in lower and medium eleva-
ECHAMS output. Minimum, mean and maximum temp- tion better than for the two higher elevation stations. Temp-
erature, precipitation, relative humidity, air pressure, vapourerature was matched at all stations with only minimal devia-
pressure, sunshine duration, cloudiness and wind speed atins. Based on the good validation results the WettReg data
available in daily resolution for every climate station. The was used without any additional adaptation or correction for
data sets include historical climate data from 1961 to 2000this study.
derived from model control runs of ECHAMS and projected
climate data for 2000 to 2100 for the three SRES scenarios
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Fig. 1. The state Thuringia in Germany. The map shows the elevation above sea level and the location of climate and precipitation stations
used in this study. Additionally, the subbasins used for calibration and validation marked with capital (Afteibr(, gauge Géfinau-
Angstedt,(B): Ilm, gauge Mellingen(C): llm, gauge NiedertrebrdD): Roda, gauge @Initz, (E): Zahme Gera, gauge Playg): Gera,

gauge Arnstad{(G): Gera, gauge Erfurt-®bisburg,(H): Orla, gauge Freienorlgl) : Lossa, gauge Frohndoff]): Bode, gauge Bleicherode,

(K): Unstrut, gauge Oldislebefl,): Hasel, gauge Ellingshausen) and the climate and precipitation stations used for the WettReg validation
(LF: Leinfelde, DS: Dingelstdt, EF: Erfurt, SB: Sonneberg, TS: Teuschnitz, RB: Ronneberg) are shown.

2.2 Hydrological modelling whereas, the absolute annual amount will remain more or
less the sameQhristensen et gl20073; and (2) the pro-

The main objective of this study was to provide robust andiected increase in temperature can have an impact on parts of

reliable estimates of spatially distributed long-term meanthe seasonally variable hydrological process dynamics e.g.

runoff generation amounts for Thuringia. This quantifica- 0N Show accumulation and snow melt processes or on evapo-

tion process was based on time series of precipitation andfanspiration.

other climate elements, along with spatially distributed in-

formation about topography, land-use, soil types and hydro2.2.1 The model J2000g

geology. The estimated hydrological quantities were com-

puted for past, recent and future conditions to provide a bafor this study, the J2000g was developed for historical sim-

sis for the analysis of the potential long-term impact resul-ulations as well as for long-term hydrological projections.

ting from changing climate conditions. Beside the changesThe development was guided by the following requirements:

of mean annual quantities, seasonal distribution in terms of1) continuous and distributed simulation of important hy-

mean monthly estimates was of particular interest becausedrologic characteristics in monthly and daily time steps; (2)

(1) projected climate data sets for the next 100 years indicatapplicability to the entire area of Thuringia (16 172%rbut

that the seasonal distribution of precipitation will change; also to selected individual catchments within the state; (3)
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process oriented and spatially distributed modelling; and (4)tion is reduced due to limited water availability. Runoff is
robust predictive ability with a small number of calibration generated only when the soil-water storage reaches satura-
parameters. tion. The partitioning of generated runoff into direct runoff
The J2000g model was adapted from the J2000 mode&nd percolation is based on the slope of the modelling unit
(Krause 2001, 2002 within the JAMS modelling framework and a calibration factokVVD and the underlying hydrogeo-
system Kralisch and Krause2006 and can be categorised logical unit. The percolation component is transferred to a
as a spatially distributed conceptual hydrological model. Thegroundwater storage component; outflow from this storage is
primary goal of the modifications was to simplify many of simulated using a linear outflow routine in order to calculate
the complex hydrological relationships within J2000, resul- baseflow with the help of a recession param&@®K The
ting in a significantly reduced number of calibration param- total streamflow at the outlet of a catchment results from the
eters while maintaining, as much as possible, the charactesummation of the direct runoff and the baseflow components
ristics of the seasonal hydrological variability exhibited in from each modelling unit.
catchments within Thuringia. The model J2000g requires The primary purpose of the J2000g model is to provide
spatially distributed information related to topography, land- spatially distributed long-term estimates of the amount and
use, soil type and hydrogeology to estimate specific attributeseasonal distribution of the following hydrological quan-
values for each modelling unit. A modelling unit can be a tities: actual evapotranspiration, runoff generation, and
raster cell, a process unit, or a subbasin provided that spagroundwater recharge. Because of this, the model is not fully
tial information is available for each attribute within each suited to provide continuous and precise estimates of stream-
unit. J2000g also requires meteorological inputs (precipi-flow. For instance, runoff concentration processes are not
tation; minimum, average and maximum temperature; sunexplicitly considered and streamflow is computed by simply
shine duration; wind speed and relative humidity) from one summing up the runoff components generated in each model-
or more observation stations. The measured point data aring unit of the catchment. Because of these simplifications,
transferred to each model unit using the spatial interpolatiorthe model cannot account for losses and transformations dur-
approach available in 32000 which is a combination of an op-ing runoff concentration or for specific hydrological condi-
tional elevation correction and an inverse-distance-weightingions such as streamflow and groundwater losses in karst re-
(IDW) interpolation. The elevation correction is made when gions or the influence of human activities.
the degree of correlation (calculated with a linear regression
for each time step) between the variable values and the re-
spective station elevation shows a coefficient of determina3 Results and discussion
tion (%) of equal or greater 0.7. In this case, the specific-
elevation dependent lapse rate, calculated from the regres3.1 Model application and calibration
sion, is used for the further processing along with IDW. If
ther? is smaller than 0.7 then only IDW is used. To provide spatially consistent input information for J2000g,
Next, net radiation is calculated from climate input data the state of Thuringia was partitioned into 221 121 modelling
using the methods presented Atlen et al. (1998. Then units resulting from a GIS overlay of slope, aspect, land-use,
potential evapotranspiration (PET) is computed according tcsoil type and hydrogeology. Slope and aspect were classified
the Penman-Monteith approach for various vegetation andnto five and three classes in advance. After the GIS overlay,
land-use types. the centroid coordinates, area, mean slope, most frequent as-
Snow accumulation and snowmelt are simulated with apect, soil type, land-use and hydrogeological type were ex-
simple approach that estimates snow accumulation deperiracted for each unit and transformed into a J2000g compli-
ding on a base temperatur&b@as¢ and snowmelt with a  ant data table. The soil type and the land-use information are
time-degree-factor TMF). During time periods when air correlated to specific tables during model initialisation to de-
temperature is abovEbase precipitation and snow melt is  rive physical values for field capacity and vegetation-specific
transferred to the soil-water module. This module consists ofparameters such as the leaf-area-index.
a simple water storage with a capacity defined from the field Monthly values of observed climatological input data
capacity of the specific soil type within the respective model-(temperature, precipitation, relative humidity, sunshine
ling unit. For calibration purposes, the entire distribution of hours, and wind speed) from the meteorological stations
storage capacity values for all modelling units can be shiftedshown in Fig.1 were transferred to each modelling unit using
up or down with a multiplier ECA) that has the same value data from the five closest stations.
for all modelling entities. Water stored in the soil-water sto- Values of the six J2000g parameteEC@, Thase TMF,
rage can only be taken out through evapotranspiration. Th&VD, ETRand GWK) had to be estimated through a model
actual evapotranspiration is determined by the saturation o€alibration procedure. The calibration was done for a num-
the soilwater storage, the potential evapotranspiration and &er of catchments within the state boundaries with sufficient
calibration coefficienETR TheETRcoefficient has a range streamflow observations. The selection of suitable catch-
between 0 and 1 and controls how potential evapotranspiraments was complicated by the fact that J2000g does not
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explicitly recognize man-made influences on the hydrologi-cause of the simplified algorithm in this model for partition-
cal processes and does not account for water losses in karstg runoff into the two runoff components. Other possible
regions — both relevant factors for the streamflow amount inreasons might include man-made influences (e.g. groundwa-
many of Thuringia’s catchments. As a result, only catch-ter abstraction) which were not recognised in this study.
ments with minimal man-made influence and primarily im-  For the state-wide application of J2000g it was assumed
permeable bedrock conditions were selected for calibration.that one “global” parameter set could be derived from the

Eight catchments were selected that met the above deecalibrated parameter values from the eight calibration catch-
scribed constraints for calibration: Bode, lIm, Wilde Gera, ments that would result in “reasonable” estimates for the en-
Gera, Zahme Gera, Roda, Orla, and Hasel. The contributingire state area. This global set was obtained from a sensi-
area of these catchments ranges between 13 and 32@ridn tivity analysis of the model parameters carried out for the
are distributed throughout the state (see Hig. For each eight test catchments. With the sensitivity analysis reason-
catchment, values for the six model parameters were caliable values for specific parameters could be estimated based
brated automatically using the Shuffled Complex Evolution —on their identifiability in different regions of Thuringia. The
University of Arizona (SCE-UA) method(uan et al.1994). two snow parametersTbase TMF) were sensitive in the
SCE-UA adapts a selected number of model parameters ihigher elevation catchments wherdasR GWK and FCA
order to optimise a single objective function. The calibra- could be better identified in the lowland catchments. The
tion was done with observed monthly climate values for thedistribution parameteVD could be identified very well in
time period from November 1990 through October 1997 us-all test catchments.
ing the Nash-Sutcliffe efficiency (NSE) measure as objective  To test the global parameter set it was first used in each
function. The calibrated parameter values are shown togethesf the eight calibration catchments for the same time period
with the resulting NSE values in Table used for the calibration. The resulting NSE value (NSE(gps))

Column CV of Tablel indicates that the degree of vari- for each catchment is also shown in TableAlthough there
ability among the eight catchments varies for each paramewas some reduction in model performance for each catch-
ter. The values foifbasevary the least for all catchments, ment, the range of NSE(gps) values (0.36 and 0.81) is very
probably because it is the most “physically based” and it isclose to those obtained with the optimal parameter values for
largely independent from other factors in the catchment. Theseven of the eight catchments. Only the NSE(gps) value of
low values ofTbaseare caused by the monthly modelling the Roda catchment shows again a very low value of only
time steps Tbaserepresents the mean monthly temperature(.22.
which has to be considerably below@to store precipita-
tion as snow for a longer period than one time step of one3.2 Model validation
month.

The values for parametetd/D and GWK also indicate  The application of the global parameter set in the eight ca-
relatively low variability among the catchments. The NSE, libration catchments (along with an uncertainty analysis not
however, was very sensitive to all three of these parametershown here) resulted in the conclusion that the J2000g model
and “good solutions” were only possible within a fairly nar- is fairly robust with an acceptable degree of certainty based
row range of values. The remaining paramef&vi, FCA, upon model calibration. To test if the model is also producing
and ETR exhibit considerably more variability among the reliable results for other time periods and other catchments,
catchments compared to the other three paramefErE the global parameter set derived in the calibration catchments
was found to be related fbbase however, the NSE was not was used in twelve catchments for the longer period from
very sensitive to changes HMF and ETRwhich accounts  November 1970 through October 2000. Fig@rshows the
for the wide range in values. The model response was senspbserved and simulated runoff for the Unstrut catchment (K:
tive to changes of parametECA only during the beginning in Fig. 1) which covers about one quarter of the entire state
of the modelling period until the soil storage was filled for area.
the first time. After this point in timé-CA had only very The simulated streamflow values were aggregated to long-
little impact on the modelling results. term mean monthly average values and compared to ob-

The NSE values for seven of the eight catchments wereserved streamflow records. The results obtained in the catch-
computed between 0.51 and 0.85 which demonstrates thahents, delineated in Fidl, are shown in Fig3. The fi-
J2000g simulates the observed streamflow reasonably weliure shows the observed (blue) and simulated (red) long-
in the calibration period. Only the Roda catchment’s stream-term mean monthly streamflow for each catchment along
flow could not be simulated with a comparable degree ofwith box-whisker plots providing the statistical parameters
accuracy. Because of the specific geological conditions inof the 360 single monthly values of the simulated and ob-
the Roda catchment, it was judged that the groundwater flovserved time series. The plots indicate that J2000g is able
processes are governing the hydrological dynamics and thab reproduce the historical 30-year long-term mean monthly
direct runoff is of less importance. With J2000g this specific runoff values quite well in nearly all catchments. The statis-
conditions can only be reproduced to a limited degree bedical information provided by the box-whisker plots indicates
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Table 1. Catchment areas, J2000g parameter values from SCE optimisation along with best Nash-Sutcliffe efficiency (NSE) achieved and
the efficiencies obtained with the global parameter set (NSE(gps)) for the calibration catchments. The last column shows the coefficient of

variation (CV) of the calibrated parameter values. The values of this table were obtained with the calibration period from 11/1990 through
10/1997.

Bode IIm  W. Gera Gera Z.Gera Hasel Roda Orla Ccv
Ac (km2) 104 155 13 175 65 320 254 255 -
LVD 2.80 1.54 1.00 1.00 1.00 1.00 1.00 1.00 46%
GWK 4.09 3.38 2.32 2.96 3.24 4,14 8.07 6.76 43%
Thase -4.37 —-4.79 —-469 —-461 —-461 -391 -544 -4.34 9%
TMF 1.33 8.73 9.99 4.40 5.39 9.99 1.00 1.22 70%
FCA 18.78 19.99 1.00 2.15 20.00 264 1262 10.79 70%
ETR 0.06 0.02 0.99 0.58 0.01 0.59 0.03 0.04 122%
NSE 0.85 0.75 0.65 0.84 0.75 0.80 0.30 0.51 -
NSE(gps) 0.75 0.73 0.55 0.81 0.77 0.77 0.22 0.36 -

80
|

much of the statistical randomness as possible, but to pre-
=3 gﬁﬁj{a\g‘é serve the overall trend which was reported to be stable for
mean decade valuesBA, 2007h.

For analysis of the J2000g spatially distributed output, the
results of the 30 year period from 2071 to 2100 were aggre-
gated to spatially distributed average values and visualised in
maps. These results were compared with model results ob-
tained with historical climate data of the period 1971 to 2000.
In order to analyse potential changes in the seasonal vari-
ability, seasonal averages or sums were computed for winter
(December—February), spring (March—May), summer (June—
Fig. 2. Observed and simulated runoff of the river Unstrut obtained August) and fall .(September—November) periods. .
with the global parameter set. The computation and analyses were done for the important

model inputs (i.e. temperature and precipitation) that gov-
ern the hydrological waterbalance; i.e., evapotranspiration,
that the model also is reproducing the runoff distribution, therunoff generation and storage changes. These state variables
mean values and the extremes reasonably well in most of thwere analysed in a spatially distributed manner to detect and
twelve catchments. It should be emphasised that these reguantify potential regional differences and dependencies.
sults were obtained with the global parameter set resulting
from the calibration in eight catchments. The results for each3.3.1 Temperature
catchment could undoubtedly be improved by catchment-

runoff [mfs]
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specific calibration. The long-term mean annual temperature indicated an in-
crease of +2.2C for scenario A2 for 2071-2100 compared
3.3 Simulation with climate projections to 1971-2000. Scenario Bl indicates a smaller increase of

+1.8C. The temperature increase for distinct seasons was

The assessment of the climate change scenarios and their imery different. The strongest increase occurred during the
pact on the hydrological dynamics and balance was donevinter with +3.9 (A2) and +3.3C (B1). This is compared
by regionalisation, modelling and comparison of the refe-to the lowest increase in spring with +0Q. The assess-
rence period (time frame 1971-2000) and the projected fument indicated that already after the first decades of the
ture (time frame 2071-2100), based on observed climate val21 century the average monthly temperature was continu-
ues and the WettReg data for the SRES scenarios A2 and Bbusly above @C throughout the year in Thuringia. The win-

For this analysis, mean monthly values were computeder season showed a spatially differentiated warming pattern
from the daily WettReg realisations and further aggregated tavith a higher increase (up to 4@ for scenario Al) in the
10 year mean average monthly values for each decade. Thesawland areas and the eastern part and a lower increase in
data were then used to drive the J2000g model using the avehe higher mid-mountain regions. The temperature change
raged parameter set for all modelling units in Thuringia. Thein the other seasons indicated no distinct regional differ-
aggregation and averaging was done in order to reduce asnces or patterns. The most likely impacts of the projected
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Fig. 3. Results of the validation of J2000g for 12 basins in Thuringid):(Ilm, gauge Gafinau-Angstedt(B): Ilm, gauge Mellingen(C):

IIm, gauge NiedertrebrgD): Roda, gauge dlnitz, (E): Zahme Gera, gauge Plaug): Gera, gauge Arnstadf{s): Gera, gauge Erfurt-
Mobisburg,(H): Orla, gauge Freienorldl): Lossa, gauge Frohndorf]): Bode, gauge Bleicherod€K): Unstrut, gauge Oldislebefl.):

Hasel, gauge Ellingshausen). The plots show the long-term mean monthly simulated (red line) and observed (blue line) streamflow of the
period from 11/1970 through 10/2000. The box-whisker plots show the range, the median and the I. and Ill. quartile of the 360 (30 years
with 12 months) simulated and observed monthly values.
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temperature increase on the hydrological balance are (1) agreater water availability. In the lowlands a moderate in-
increase of potential evapotranspiration and (2) a decreaserease of AET occurs despite the decreased rainfalls. The
of snow accumulation. The latter can have significant im-larger water amount consumed by the AET was taken out the
pact on river runoff in the head-water catchments of the mid-soil water storage which leads to drier soils in the fall. In this
mountain range as snow melt can be an important contribuseason, a slight increase of AET in the higher areas was esti-

tion to spring peak discharge in Thuringia. mated, whereas AET decreases in the lowlands due to lower
precipitation and a larger water deficit from the summer sea-
3.3.2 Precipitation son.

Precipitation is the most important factor for hydrology. In 3.3.4 Runoff generation

recent years, the summer and winter precipitation amounts

are nearly equal in Thuringia. The simulation with the Wett- Runoff generation is computed by J2000g as the result of pre-
Reg data shows only a slight decrease of the cumulated arcipitation, actual evapotranspiration and potential changes
nual precipitation of-1.2% for scenario A2 and0.7% for  in the two storages for soil moisture and groundwater. For
scenario B1 from today to 2071-2100. Much more importantspatially averaged and long-term mean runoff generation, a
is the projected change in the seasonal distribution of precipidecrease of-47 mm for the B1 scenario and55mm for
tation. For both scenarios, a strong increase of +29.1% (A2}he A2 scenario was computed. In the winter season, a de-
and +22.7% (B1) of the winter precipitation was estimated.crease of~-13 mm (A2) and—9 mm (B1) was calculated as

In spring, a slight increase of +1.2% (A2) and +2.9% (B1) the statewide mean. The maps in Fgindicate that this
occurred. In summer, large decreases-@#1.3 and—12.7%  decrease is very heterogeneously distributed throughout the
for scenario A2 and B1 were estimated. Similar reductionsarea. For the mid-mountain region in the north-west, the
continue in the fall with values 6£17.2% and-12.6%. The  south, and in particular in the south-west part of Thuringia
spatial distribution of precipitation in the four seasons of thelarger increases were estimated, due to higher rainfalls. For
reference period and the future climate scenarios is shown ithe lowlands in the central and northern parts, decreases in
Fig. 4. The maps indicate that the precipitation increases inrunoff generation were simulated. In spring, slight decreases
winter throughout the state, but the increase in localised midof —7 mm (A2) and—4 mm (B1) were computed as a result
mountain regions in the south and west is relatively greatefrom a mixture of increasing runoff generation in the higher
than in the lower elevation regions in the north and east. Inareas and a decrease in the lower regions. A slight decrease
spring, only minor differences in the spatial distribution pat- for the entire area of Thuringia was estimated for the summer
tern were computed. The plots for summer and fall show aseason. This estimated overall decrease is only moderate, be-
decrease in precipitation. In these seasons the lowland are@sause the runoff generation in Thuringia is in general very
are slightly more affected but also the precipitation in the low during summer. Because of the general low runoff gene-

higher areas decreases clearly. ration, the reduction of precipitation and the increase in AET
in summer does not have a large impact on runoff generation,
3.3.3 Evapotranspiration but the higher deficit of water leads to a stronger reduction of

the water content in the soils as well as in the groundwater

Potential evapotranspiration (PET) is primarily driven by en- storage. Because of the higher deficit in summer, decreases
ergy supply whereas, actual evapotranspiration (AET) is als@f —33 mm (A2) and—35mm (B1) were calculated in the
governed by water availability. From the change in temp-fall for the entire area. The spatial distribution in F&in-
erature and the seasonal distribution of the precipitation alicates that the higher elevation regions are experiencing the
change in both PET and AET can be expected. largest decrease primarily because of a large increase in AET

The J2000g model simulation results indicated a long-and a decrease in precipitation. In general, both scenarios in-
term statewide increase of AET by +7.6% for scenario A2 dicate the same spatial and temporal patterns; however the
and +7.0% for scenario B1. The highest increase was comamplitude of the A2 scenario is slightly higher than that of
puted in the summer season for both scenarios with value81.
of +16.8% (A2) and +14.8% (B1). The maps in Figin-
dicate the seasonal annual patterns of AET for the 30 yeaB.4 Considerations about uncertainty
reference period (1971-2000) and for the two scenarios. In
winter, AET is low due to low temperature and only mi- The study presented here contains a large amount of uncer-
nimal changes occur due to higher temperature. In springtainty due to various sources. In this section, we will look
an increase of AET occurs mainly in the western and south-at some of these sources in a descriptive and semi-qualitative
eastern part. In summer, the largest changes were computewy, as precise quantification is not always possible.
that are impacting nearly the entire area of Thuringia. The First of all it should be noted that the results produced
spatial distribution indicates a larger increase in the higheby climate models for the future should not be consi-
elevation areas compared to the lowlands because of thdered as precise predictions as uncertainty in predictions of
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Fig. 4. Spatial distribution of cumulated seasonal precipitation. First column shows the regionalized values of 1971-2000, second and third
column the regionalized values for the B1 and A2 scenario for the time frame 2071-2100.

Adv. Geosci., 21, 3348, 2009 www.adv-geosci.net/21/33/2009/



P. Krause and S. Hanisch: Impact of climate change on the waterbalance in Thuringia 43
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Fig. 5. Spatial distribution of seasonal actual evapotranspiration sums. First column shows the simulated values of 1971-2000, second and
third column the simulated values for the B1 and A2 scenario for the time frame 2071-2100.
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Fig. 6. Spatial distribution of seasonal runoff generation sums. First column shows the simulated values of 1971-2000, second and third
column the simulated values for the B1 and A2 scenario for the time frame 2071-2100.
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anthropogenic climate change arises at all stages of the maiumber of catchments to an acceptable degree. The analysis
delling processNleehl et al, 2007). Rather, they should indicated that the uncertainty resulting from single parame-
be considered as projections computed on the basis of spéer variations was relatively low compared to the influence of
cific assumptions about the global development over the nextlimate input data on the model response.

100years. Various factors with an uncertain future develop- There are other factors which might be relevant for
ment are involved in the evolution and change of climate.projections and trends simulated over the next 100 years.
This implicates that the climate change scenarios are onlyFirst, the hydrological model assumes that the areal land-
more or less likely trends, based on the current knowledgaise/landcover remains constant from 2000 to 2100 without
and perceptionBA, 20073. any change. Itis very likely that the projected climate change

The results of climate models that are used to calculatewill have impact on land-use and landcover that in turn will
the scenarios are also uncertain to some degree. Even if theave impact on the hydrological dynamics. The same is
GCMs are continuously enhanced, does multi-model ensemtrue for the soil physical properties which can also change
ble simulation produce more reliable results than every sin4in the next 100 years because of changing climate and differ-
gle model canRandall et al.2007). IPCC accounts for this ent land-use. Consideration of such changes might result in
higher single model uncertainty by the use of the results ofmore realistic model projections. However, the assumptions
about 23 models to base their assumptions of projected clithemselves about such changes would again introduce a hard
mate change on. to quantify degree of uncertainty.

For regional studies, like the one presented here, such The large degrees of uncertainty in the different parts of
an ensemble projection is not possible because only a limithe methodology limit the results of this study to some ex-
ted number of regional models exist. The downscaling ap-tent. Unfortunately, it is not possible to quantify all differ-
proaches used to derive such regional models tend to introent sources of this uncertainty precisely. Anyway, assuming
duce additional uncertainty. The validation of the statisticalthat the downscaled input data from the climate model indi-
downscaling approach WettReg indicated that precipitationcates a probable trend, it can be expected that the time trends
and temperature were reproduced fairly well for the histori- computed using the methodology and tools from this study
cal reference period 1971-2000. However, it is not possiblewvould produce a similar likely projection of future hydrolo-
to quantify the quality of the projections of future climate for gical conditions throughout Thuringia.
the assumed scenarios. Because the downscaling approach is
based on simulation results of the global model ECHAM5,
any uncertainty of the global model is transferred over into4 Summary, conclusion and outlook
the regional oneZebisch et a].2005.

Another source of uncertainty of the WettReg climate dataln this study the IPCC emission scenarios A2 and B1 and
set in Thuringia involves the relative low number of climate their regional impact on temperature, precipitation, evapo-
stations (see Figl) which provide data for the state area. transpiration and runoff generation in Thuringia for the
Only seven of the 33 climate stations used for this study werg2071-2100 time frame were analysed. The analysis indicated
located within the Thuringia state boundaries. The spatiatime trends which can be summarised as follows:
interpolation of the climate values temperature, relative hu- The predicted temperature increase due to climate change
midity, wind speed and sunshine duration was based upomill have impact on other climatological, meteorological and
limited site records that add uncertainty relative to the spa-hydrological processes. Both scenarios indicated an increase
tial representation and variability. This is particularly true in the annual temperature that would be greater in scenario
for the mid-mountain region. Fortunately, precipitation is A2. In terms of temporal distribution, the winter months
represented by much more stations. Around 100 of the 300vould be characterised with temperature increases of up to
stations were located inside the state boundaries and are di§—4"C.
tributed sufficiently in space throughout the area. Annual precipitation amounts showed only small changes

The hydrological modelling using J2000g also contributesif considered for the entire state area, but distinctively chan-
uncertainty, because any simplified model cannot integrateing temporal and spatial distributions of precipitation were
all hydrological processes in every aspect. The simple conprojected. The projected precipitation change would resultin
cept on the other hand results in a limited number of calibra-more rainfall during the winter months and less precipitation
tion parameters which makes the modelling and the parameduring summer and fall. During winter, the higher elevation
ter estimation a transparent process. Validation in a numbeareas would experience the strongest increase; whereas, the
of catchments indicated that the long-term simulation resultdowlands would be less affected.
were in an acceptable range that allows the use of the model The increase of the temperature and the change in pre-
for long-term analyses as presented here. An evaluation ofipitation will have impact on the actual evapotranspiration
the uncertainty and parameter sensitivity of J2000g which i(AET). Anincrease in AET during summer and fall was com-
not shown in this paper indicated that the calibrated modelputed; whereas, the AET rates in winter and spring will not
was able to reproduce historical hydrological conditions in achange as much. The increase would mainly occur in the
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higher elevation areas, because in these regions the wateluring the winter in the higher elevation regions would lead
necessary for evapotranspiration tends to be more availabléo an increase of streamflow, because in these regions soil
In the lowlands, only a slight increase of AET was computed,moisture and groundwater levels are already relative high.
due to limited water availability. Even if extreme values were not considered directly in this
The distributed model results presented in this study emstudy, it is very likely that the increase in runoff would also
phasises the importance of high resolution input data for retesult in an increase of flood frequencies.
gional impact analysis. Only with such data, the spatial and The present study could only address some of the re-
temporal variable distribution of precipitation, evapotranspi- search questions that could be tackled for such a complex
ration and runoff generation can be reproduced and simulategroblem. Further investigation should include an analysis
sufficiently. of the projected climate time series in terms of extreme
The changing climate conditions will have impact on the values. Such an analysis should investigate the data sets
runoff generation and streamflows in Thuringia. The higherfor changing frequencies and recurrence of precipitation ex-
precipitation rates in the mid-mountain regions in winter will tremes and could simulate their impact on runoff generation
lead to an increased runoff generation and higher streamand streamflows using the J2000g model. For this purpose,
flows. Because of the expected rise in temperature it is vergthe model should be applied with a higher temporal resolu-
likely that longer lasting seasonal snow covers would occurttion than the monthly time steps of this study. Preliminary
less frequent or would vanish completely in Thuringia. For tests indicated that higher temporal resolution (i.e. daily time
the lowland regions a distinct decrease in runoff generatiorsteps) would result in a better representation of snow accu-
was simulated, resulting from the lower precipitation and mulation and melt processes and would allow the separation
slightly higher actual evapotranspiration amounts. In parti-of three runoff components (surface runoff, interflow, base-
cular, during summer and fall, Thuringia is already a relative flow).
dry region in Germany, which would be even more inten-  The large amount of data of the statistical downscaling ap-
sified due to the projected future climate changes. The reproach WettReg (20 realisations for each day of the time pe-
duced runoff generation would not only have impact on therjod 2000-2100) would enable ensemble simulations of the
streamflow, as indicated for the lower parts of the river [Im hydrological quantities. Such modelling would result in a
catchment. Moreover, it can have major influence on the SPayery large amount of data values and would require a high
tial water availability, soil-moisture balance and groundwaterdegree of computing power. The advantage would be a bet-
recharge. Such influences can have negative future effects agr assessment of the uncertainty introduced by the combined
the agricultural production in the lower regions of Thuringia. yse of the projected data and the hydrological simulation. For
It is understood that this study and the anticipated trendsy petter quantification of the WettReg methodology and the
include a large degree of uncertainty that unfortunately is nofyownscaled projected climate data a comparison with other
easy to quantify in total. The uncertainty introduced from gownscaled data sets could provide more insights.
various sources includes the climate model, the downscaling

method, the hydrologlcal model and assouat(_ad input dataAcknowledgementsThe authors thank the organisers of the
but also the climate scenarios and the assumptions the SCengye|-workshop on “GroRskalige Modellierung in der Hydrolo-
rios are based on. Besides the changing weather conditiongie” for the excellent organisation. Additional thanks goes to
due to projected climate change, there are other additionahe Thuringian Environment Agency (TLUG) for funding, to
side effects, e.g., on the land-use or soil physical propertiesT. D. Steele, H. Bormann, J. C. Ascough Il and D. P. Boyle for
that also can impact the hydrological processes but that argaluable advises and proof reading and to M. Wegehenkel and
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rical climate and hydrological conditions with an acceptable
level of confidence.
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