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Abstract. The impact of climate change on local dis- according to the ECHAM4B2 scenario and slight decreases
charge variability is investigated in the Suir River Catchmentaccording to the ECHAMEA2 scenario.

which is located in the south-east of Ireland. In this paper
the Rossby Centre Regional Atmospheric Model (RCA) is
driven by different global climate data sets. For the past cli-{
mate (1961-2000), the model is driven by ECMWF reanal-

ysis (ERA-40) data as well as by the output of the generatrhe |PCC has stated that mean surface temperatures may rise
circulation models (GCM's) ECHAM4 and ECHAMS. For .3-0.8 Celsius per decade in the 21st century (IPCC, 2001)
the future simulation (2021-2060), the model is driven by as a result of anthropogenic influences. As increased temper-
two GCM scenarios: ECHAM#2 and ECHAMSA2. To  atyres will lead to greater amounts of water vapour in the at-
inVeStigate the influence of Changed future climate on Iocalmosphere and an accelerated g|oba| water Cyc'e, it can be ex-
discharge, the precipitation of the model output is used asected that river catchment areas will be exposed to a greater
input for the HBV hydrological model. The calibration and ik of flooding.

validation results of our ERA-40 driven present day simula- T jnvestigate the possible future development of the fre-
tion shows that the HBV model can reproduce the dischargyuency and intensity of flooding events a hydrological model
fairly well, except the extreme discharge is systematicallycan pe forced with the output from a climate model. How-
underestimated by about 15-20%. Altogether the applicationsyer, because of the relatively coarse resolution of general
of a high resolution regional climate model in connection cjrculation models (GCM), it is difficult to capture the rel-
with a conceptual hydrological model is capable of capturingatively inhomogeneous spatial distribution of precipitation
the local variability of river discharge for present-day climate gye to an inadequate description of orography and land use.
using boundary values assimilated with observations suclrhe high horizontal resolution of a regional climate model
as ERA-40 data. However, using GCM data to drive RCA (RCM) is more appropriate for resolving the small scale fea-
and HBV suggests, that there is still large uncertainty con-yyres of orography and land use, that have a major influence
nected with the GCM formulation: For present day climate on hydrological variables such as precipitation and runoff.
the validation of the ECHAM4 and ECHAMS driven simula-  Fyrthermore, significant efforts have been made to improve
tions indicates stronger discharge compared to the observahe representation of the land surface-atmosphere interaction,
tions due to overprediction of precipitation, especially for the particularly for the hydrological component. The land sur-
ECHAMS driven simulation in the summer season. Whereasace parameterization scheme is an important component for
according to the ECHAM42 scenario the discharge gen- the water cycle representation in a regional climate model.
erally increases — most pronounced in the wet winter time,gecause hydrological models need detailed precipitation in-
there are only slight increases in winter and considerable defgrmation as an input, the high resolution of the RCM is ideal
creases in summer according to the ECHAMB scenario.  to capture the variability of precipitation (Gutowski et al.,
This also leads to a different behaviour in the evolution of 2003). If the horizontal resolution of the RCM is not fine
return levels of extreme discharge events: Strong increaseénough, for example, the bias of the modelled precipitation
will lead to an unrealistic hydrological control run if the un-
Correspondence tdS. Wang modified output is used to drive a hydrological model (Gra-
(shiyu.wang@met.ie) ham, 2000). The most important source of uncertainty in
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388 S. Wang et al.: The impact of climate change on river flooding

For the hydrological model, next to the catchment char-
acteristics including topography and maximum soil moisture
storage, the most important processes in the context of cli-
mate change and river discharge are known to be precipita-
tion and evapotranspiration. In this study, the precipitation
values from a high resolution regional climate model simu-
lations are used to drive the hydrological model in the catch-
ment area.

2 Methodology
2.1 Regional climate model

The RCM used in this study is the Rossby Centre Regional
Atmospheric Model (RCA) developed from the High Reso-
lution Limited Area Model (HIRLAM). Most HIRLAM pa-
rameterisations have been retained in RCA, but RCA hosts
a new land surface scheme and some hydrological processes
Fig. 1. Model domain. are included (Rummukainen et al., 2001; Jones, 2001), i.e.
soil moisture transfer includes Darcian flow and runoff is
routed down the soil column as in the hydrological HBV
estimating the hydrological response comes from the GCMmodel. For this study, the RCA model domain has been set
with additional uncertainties linked to the local scale patternsup with a 0.12 (13 km) spherical, rotated latitude/longitude
in downscaling of temperature, precipitation and evapotrangrid (Fig. 1). For considering the effect of the North Atlantic
spiration in a specific drainage basin (Bergstret al., 2001;  ocean, the model domain includes good parts of this ocean
Gao et al., 2002). north, west and south of Ireland. There is a large scale jump
Some impact studies of the climate change on floodingbetween the GCM and RCM spatial resolution. However,
have been carried out in different countries and regionsthis model setup has been validated extensively. The results
(Bergstdm et al., 2001; Pilling and Jones, 2002; Gao et al.,suggest, that the model configuration is well able to capture
2002; Arnell, 2003). Depending on the spatial and temporalthe characteristics of present day climate (Wang et al., 2006;
scales, and the aim of the study, different global and regionaMcGrath et al., 2005).
climate models have been used to translate the assumed cli- In this study, several global datasets are used to drive the
mate change into a hydrological response. However, in all o/RCA model. For the validation, atmospheric data from the
these studies the horizontal resolution of the climate model&£CMWF 40-year reanalysis project (ERA-40) (Uppala et al.,
was relatively coarse (50 km or more). None of the studies2005) (1961-2000) are used. This will help us to under-
looked at extreme events on the base of daily precipitationstand the performance of the model without any adverse ef-
and river discharge, both of which are crucial in terms of es-fects coming from biases in the global climate model sim-
timating possible impacts on society; the focus was on meanlation. For the investigation of the influence of the future
climate values. climate under different climate scenarios, the datasets from
Over Ireland, impact of climate change on the hydrolog-the global climate model ECHAM4 (Roeckner et al., 1996)
ical cycle has been assessed by a conceptual hydrologicaind ECHAMS (Roeckner et al., 2003) are used. One of the
model (Charlton and Moore, 2003). The aim of our study simulations is driven by ECHAM4 data consistent with the
is to examine the changes in extreme discharge events faBRES-B2 scenario, the other one is driven by ECHAMS data
Ireland due to climate change, using the output of a high reseonsistent with the SRES-A2 scenario. Both of the simula-
olution RCM simulation applied to the Suir river catchment tions are run for the time period 2021-2060. The control pe-
area as a test case. For this purpose, two scenarios are iried for both the ECHAM4 and ECHAMS driven RCA sim-
vestigated. One is the IPCC A2 scenario with comparablyulations is 1961-2000.
strong greenhouse gas (GHG) emissions due to regionally
orientated economic growth. It projects higher GHG emis-2.2 HBV hydrological model and description of the catch-
sions than the 1S92a scenario (which GHG concentrations ments
increase by 1% per year after 1990); the other scenario is the
IPCC B2 scenario assuming more emphasis on regionallyor the river discharge simulation, the hydrological model
orientated environmental protection. Therefore it producesHBV of the Swedish Meteorological and Hydrological In-
lower GHG emissions than the 1S92a scenario. stitute (SMHI) is used (Berggim, 1995; Lindstm et al.,
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1997). This model is a semi-distributed, conceptual hydro-
logical model using sub-basins as the primary hydrological
units; it takes into account area-elevation distribution and ba-
sic land-use categories (forest, open areas and lakes). Sut
basins are considered in geographically or climatologically
heterogeneous basins or catchment areas of large lakes. Tr
model consists of a precipitation routine representing rain-
fall, a soil moisture routine determining actual evapotranspi-
ration and controlling runoff formation, a runoff routine is
the response function which transforms excess water from
the soil moisture zone to runoff. This model has been evalu-
ated as one of the most appropriate models for the assessmel
of climate change impacts on peak discharge and flood fre- 3
quency analysis (Passchier, 1996); it has been widely used ir = 0 20 @ wies
Europe and other parts of the world in climate change studies
(Liden and Harlin, 2000; Berggim et al., 2001; Menzel and  Fig. 2. Suir catchment area and river network.
Burge, 2002).

For the analysis of the performance of the HBV model
driven by dynamically downscaled rainfall from the RCA moisture parameter set are FC (maximum soil moisture stor-
model, the Suir river catchment located in the south-east ofige in millimeter), LP (fraction of FC above which potential
Ireland is studied (Fig. 2). This catchment covers 2173 km evapotranspiration occurs and below which evapotranspira-
Inside the catchment there is a hydrological observation station will be reduced) and the coefficient BETA (determining
tion in Clonmel, which produces good quality discharge data.the relative contribution to runoff from a millimeter of pre-
This enables us to do a careful calibration and validation ofcipitation at a given soil moisture deficit). These parameters
the hydrological model. Booij (2005) studied the impact of are dependent on the properties of the catchment, such as the
spatial model resolution on river discharge using the HBV land use type, the wilting point and soil porosity. They will
model. They chose different numbers of sub-basins: 1, 15affect the simulated discharge volume. The other parame-
and 118. The observed hydrograph is simulated realisticallyier set includes runoff parameters such as ALFA (measure
by all of the three models. Therefore due to the lack of suffi-of the non-linearity for runoff), HQ (the higher flow level
cient observed precipitation data, only one sub-basin is use@t which the recession rate KHQ is assumed) and KHQ (re-
in this study and five rain gauge stations data are used fogession coefficient at HQ). These parameters influences the
the calibration. The potential evapotranspiration PE is cal-shape of the hydrograph (SMHI, 2004). Because of the un-
culated according to the method developed by Priestly andertainty of the parameters, the Monte Carlo Random Sam-
Taylor (1972), which takes into account temperature and rapling (MCRS) method is popularly used for parameter esti-
diation values. Due to the fairly good simulation of tem- mation (Lamb, 1999; Liden and Harlin, 2000) in the cali-
perature and radiation (McGrath et al., 2005), the differencebration of the model. However, because the program source
between the 40 years averaged monthly PE as calculated usode is not available, the above method is difficult to apply in
ing observed and simulated temperature and radiation is lessur case. Therefore, quasi-stratified sampling in the form of
than 5% in all seasons (only the annual cycle of PE is used irt-atin Hypercube Sampling (McKay et al., 1979) is used. The
HBV). In any case the monthly mean PE as calculated usindimited sampling numbers of this method can produce similar
observed temperature and radiation is used for the ERA-4@esults to the Monte Carlo approach (Yu et al., 2001; Murphy
driven simulation, which helps us to judge the pure effect ofet al., 2004). In the previous HBV studies, much experience
the precipitation bias in the climate model simulation on thehas been gained in the parameter estimation, which is used
discharge simulation. For the ECHAM driven simulations, to acquire the reasonable ranges of the main parameters in
PE as calculated from RCA temperature and radiation valuesur study (Uhlenbrook et al.,1999; Seibert, 1999; Krysanova
has been used. The PE values are larger by about 5% in bot al., 1999; Diermanse, 2001; SMHI, 2004; Booij, 2005).
ECHAM driven future simulations compared to the control FC ranges from 200 to 500, LP from 0.6 to 1.0, BETA from
simulations, which is due to changed temperature and radial.0 to 5.0, ALFA from 0.8 to 1.1, KHQ from 0.08 to 0.14

tion values. and HQ is fixed to 3.0. According to Murphy et al. (2004)
and the range of the different parameters, 50-100 sampling
2.3 Calibration numbers are used in the calibration.

For the calibration of the Suir catchment, observed precip-
In the HBV model, there are a number of parameters, whichitation data for the period January 1960 to December 1964,
need to be calibrated with observed discharge values. Therehich includes relatively dry and wet years, and monthly
are two sets of parameters. The main parameters of the sofhean climate potential evapotransipiration values are used to
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Fig. 3. Observed and simulated (using observed precipitation as the input) disch&lg}a [m

Table 1. Daily precipitation statistics in Suir river catchment for the observation and simulation.

OBS ERA40 ERA40 ECHAM4 ECHAM4 ECHAM5 ECHAMS5
(1960-1964) (1961-1964) (1961-2000) (1961-2000) (2021-2060) (1961-2000) (2021-2060)
Average (mm) 2.78 3.33 3.86 4.31 4.59 4.63 4.6
Standard deviation (mm) 4.83 4.36 5.02 5.98 6.51 5.97 6.11
99% percentile (mm) 22.6 19.56 23.63 27.44 29.69 26.83 28.12
95% percentile (mm) 12.3 11.8 13.89 16.09 17.32 16.39 16.87
25% percentile (mm) 0.05 0.48 0.57 0.36 0.38 0.5 0.45

drive the HBV model. The actual catchment area is shown invisual inspection. This is also confirmed by the smaller RE
Fig. 2. Although insufficient observation data coverage lim- value, which is only 0.24.

ited the duration of the calibration to 5 years, the minimum

requirement according to the model documentation of SMHI

(SMHI, 2004), which recommends the use of 5-10 years of3 Results

calibration data, is still met. In order to assess the perfor-

mance of the model, the Nash-Sutcliffe efficiency coefficient3-1 Validation

R? (Nash and Sutcliffe, 1970) and the relative error RE are o )
calculated. After the successful calibration of the HBV model using the

N observed climate variables, the dynamically downscaled pre-
[05() — Qu()]? cipitation is used to drive the HBV model. The performance
Q) of the RCA model is firstly investigated. Compared with the
=2 observed precipitation, the RCA model has simulated the ba-
[Qo() - O] sic precipitation pattern over Ireland fairly well, even though
it is slightly overestimated in the midland areas. This is pos-
=i 010, () ol sibly due to too many light precipitation events in the model
El Os() = Qoli (Table 1). In mountainous areas the precipitation is slightly

1

g

RP=1-"1

ik
z

Il
N

RE = i—N () underestimated which could be partly due to the representa-
> Qo) tion of the orography in the model, which is still smoother
s than in reality even at the high resolution of 13 km. A spatial
where Q; represents computed discharge, is observed pattern analysis has shown that the seasonal and interannual
discharge and, is the mean o), over the calibration pe- variability is reproduced reasonably well (Wang et al., 2006;
riod. McGrath et al., 2005).

For the calibration of the Suir catchment? Reached As an example Fig. 4 shows 10 years of the ERA-40 driven
0.787, which implies that the model has a good performancRCA simulation time series of discharge in the Suir catch-
in this area (Fig. 3). Except for the peak values, which arement between 1981 and 1990 compared to the observations.
slightly underestimated, the variation of the simulated dis-Generally, the evolution of the simulated discharge shows
charge coincides with the observed discharge fairly well fromgood agreement with the observed discharge. This is also
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Fig. 4. Observed and simulated (ERA-40 driven simulation) discharé”éﬂ]m

Table 2. Daily discharge statistics in Suir river catchment for the observation and simulation.

OBS ERA40 ERA40 ECHAM4 ECHAM4 ECHAMS5 ECHAMS5
(1960-1964) (1961-1964) (1961-2000) (1961-2000) (2021-2060) (1961-2000) (2021-2060)
Average (n?/s) 48.89 42.78 58.12 67.2 74.72 79.73 79.25
Standard deviation (ffs) 36.99 25.2 37.48 45.06 55.55 46.63 47.54
99% percentile (¥s) 171.96 135.47 185.35 213.64 253.53 241.75 234.2
95% percentile (%s) 126.79 96.93 132.13 158.28 173.65 162.14 169.83
25% percentile (¥s) 23.17 25.78 31.09 33.6 37.31 50.05 44.93

true for the other three decades of the 40-year period. How-

o
ever, there are some discrepancies in the timing of the flood <
events, which lead to large differences between the observed g _
and simulated discharge at specific times. Moreover, peak ¥
values are often underestimated, which caused a higherrela- g _|
tive error, it reaches 0.4. Because the agreement of observe@
and simulated precipitation is as good as the agreement ofg g |
the discharge rates (see Tables 1 and 2), the underestimatio@ °
of the heavy precipitation intensities caused the underesti- ¢ 2
mation of the discharge peaks. Especially the higher per- g
centile precipitation is underestimated. On the whole, the * 8
simulation is a little worse compared to the calibratios; R
only reaches 0.545, while the correlation coefficient reaches 3
0.79. This confirms that the model simulates the evolution of
the discharge reasonably well, whereas the underestimated g ‘ ‘ ‘ ‘ ‘
peak values caused the Ralue to be relatively low. Fig- Le-01 16400 Lesol Le+02 16403

ure 5 gives return values of the maximum daily discharge of

the observation and ERA-40 driven simulation calculated by Return Period(Year)

generalized extreme value (GEV) method. The distribution

of return values for the different return periods show a fair Fig- 5. Return values of observed (red) and simulated (ERA-40

agreement, although they are systematically underestimate@fiven simulation) (blue) maximum annual discharge (Circles: Val-
by about 15-20% in the simulation ues of maximum daily discharge per year, lines: Fit using general-
y ' ized extreme value distribution).

3.2 Future climate change projection

Figure 6 shows the simulated discharge using ECHAM4 and
To investigate the effect of the climate change under differ-ECHAMS driven RCA simulation data to drive the HBV
ent climate scenarios, the control climate is firstly evaluatedmodel. As for the ERA-40 driven simulation, the results for

www.nat-hazards-earth-syst-sci.net/6/387/2006/ Nat. Hazards Earth Syst. Sci., 3032006
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Fig. 6. Simulated discharge using the ECHAM4 and ECHAMS5 driven RCA simulation and observed disché@e [m
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Fig. 7. Simulated discharge using the ECHAM4 and ECHAMS driven RCA simulation for futu?&llm

tions compared to observations. The ECHAM4 driven simu-
lation indicates slightly overpredicted discharge. The biggest
difference between the ERA-40 and ECHAM4 driven simu-
lation is in the winter season; there are only minor differ-
ences in the summer season. The ECHAMS driven simu-
lation shows an even stronger discharge overprediction than
the ECHAMA4 driven simulation. Whereas there are not much
differences between ECHAM4 and ECHAMS in winter, the
overprediction gets particularly strong in the summer season
in ECHAMS. This is also reflected by the mean precipita-
tion; the ECHAMS driven simulation tends to have higher
mean precipitation (Table 1).

One reason for the even stronger overestimation of mean
precipitation in the ECHAMS driven simulation compared to
the ECHAM4 driven simulation might be, from our analysis
of the boundary data, that ECHAMS5 overestimates the at-
Fig. 8. Annual cycle of observed and simulated (driven by ERA- mospheric humidity stronger than ECHAMA4 if compared to
40, ECHAM4 and ECHAMS data) discharge, 1961-2000, comparedERA-40. Both ECHAM4 and ECHAMS5 data show a too un-
with the simulated discharge for 2021-2060 driven by ECHAM4 stable stratification of the atmosphere compared to ERA-40
and ECHAMS data [r¥/s]. data.

A reason for the more severely underpredicted precipita-

tion and discharge differences between the winter and the

the time period 1981-1990 are shown. In addition Fig. 8summer season in the ECHAMS driven simulation compared
shows the 40 year monthly mean discharge from all simulato the ECHAM4 driven simulation might be a decreased
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pressure gradient in ECHAM5 compared to ECHAM4 in
winter and an increased pressure gradient in summer. Thus
the westerly flow is weaker in winter and stronger in summer.

Even if driven by ERA-40, the RCA model underestimates
the amplitude of the seasonal cycle of precipitation leading
to too high values in the summer season, at the same timeZ
the simulated transition between the dry and the wet seaso
is slower than observed (Wang et al., 2006). This feature
of RCA even enhances the problem in the ECHAMS driven
RCA simulation.

To analyse the discharge variation in the future projection,
10 years of results between 2041 and 2050 are presented in
Fig. 7. In addition Fig. 8 shows the monthly discharge av-
eraged over 40 years for all present day and future climate
simulations. For the future projection, the biggest difference
between ECHAMA4-B2 scenario and its control run is in the
winter season, where the discharge increases by up to 20% in
December and January while the summer discharge remains Return Period(Year)
nearly unchanged. The ECHAM5-A2 scenario also shows
increased discharge in the winter season, but an obvious de-
crease in the summer season. This shows that there is still
considerable uncertainty in the global climate projections.

For present day climate the intensity and frequency of
peak discharge values are generally similar between the
ECHAM4 driven, ECHAMS driven simulations and the ob-
servation data (Fig. 6), although the ECHAMS driven simu-
lation shows a few much more intense discharge events thang
observation data and the ECHAM4 driven simulation. Since £
ECHAM4 and ECHAMS data do not include observational
information, the peak events occur at different times.

The return value analysis (Fig. 9) shows that the intensity
and frequency of heavy discharge events clearly increases ac-
cording to the ECHAM4-B2 scenario, whereas a weak de- ‘ ‘ ‘ ‘ ‘
crease can be seen in the ECHAM5-A2 scenario. 1e-01 1e+00 1e+01 1e+02 1e+03

RI\

Return Level(
100 150 200 250 300 350 400 450 500
]

T T T T 1
le-01 1e+00 le+01 le+02 1e+03

Level(m”"3/s)

100 150 200 250 300 350 400 450 500
1

Return Period(Year)

4 Conclusions

Fig. 9. Return values of the simulated maximum annual discharge

In this paper,. the HBV model Was aPp"ed to study th? ef- using the ECHAM4(a) and ECHAM5(b) driven RCA simulation
fect of the climate change on river discharge under differ-or the present-day (blue) and future climate (red).

ent climate scenarios. The input data are taken from a high

resolution regional climate model driven by different data

sets. Concerning the performance of the precipitation simu- o ] ) )

lation, the RCA simulation is firstly investigated (Wang et al., MUch precipitation. The ECHAMS driven simulation per-
2006). The local precipitation distribution is captured fairly forms even worse especially in the summer season, where
well. The calibration and validation results of our ERA-40 @n intensified westerly flow leads to even more precipitation
driven present day simulation show that the HBV model cancompared to the ECHAM4 driven simulation.

reproduce the discharge reasonably well. There is, however, The results suggest that the application of a high resolu-
a small overestimation of the discharge in the summer seasotion regional climate model in connection with a conceptual
and an underestimation of the intensity of extreme dischargéiwydrological model is capable of capturing the local vari-
events in the winter season. Investigating the ECHAM4 andability of river discharge, and the uncertainties are mainly
ECHAMS5 driven present day simulation, considerable dif- due to the global datasets used in the study. This is also
ferences become apparent. Both simulations clearly overprereflected in the future projection. The projection of the fu-
dict the discharge because of too much atmospheric moisturtire climate shows a strong increase in the return levels of
and a too unstable atmospheric stratification leading to toalaily discharge values in the ECHANMB2 scenario but a
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the discharge, whereas there is no change according to the Ding, Y., Griggs, G., Noguet, M., Van der Linden, P., Dai, X.,
ECHAMA4_B2 scenario. This shows that there is still large  Maskell, K., and Johnson, C. A., Cambridge: Cambridge Uni-
uncertainty in the global climate projections, which are prob-  Versity press, 2001.
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