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Abstract. Since 2002, the GRACE satellite mission pro- ter and surface waters like rivers, wetlands, lakes and reser-
vides estimates of the Earth’s dynamic gravity field with un- voirs. According to the terrestrial water balance equation
precedented accuracy. Differences between monthly grav-

ity fields contain a clear hydrological signal due to conti- P =R+ETR+AS 1)

nental water storage changes. In order to evaluate GRAC%recipitation ) equals runoff R) plus evapotranspiration
results, the state-of-the-art WaterGAP Global Hydrological (ETR plus water storage changa ). Little is known about

Model (WGHM) is applied to calculate terrestrial water stor- 4, spatial and temporal variability of water storage on a

age changes on a global scale. WGHM is driven by differenty;pa) scale although this information is important for under-

climate data sets to analyse especially the influence of diﬁer'standing the global water cycle. Direct estimationadfare

ent precipitation data on calculated water storage. The datgfien restricted to the point scale and to single components of

sets used are the CRU TS 2.1 climate data set, the GPCC Fullyo| \vater storage, such as groundwater or lakes (Rodell and
Data Product for precipitation and data from the ECMWF £onigjietti, 2001, 2002). A determination of water storage
integrated forecast system. A simple approach for precipitagnange by solving Eq. (1) is practically impossible because
tion correction is introduced. WGHM results are then com-gyenin pasins with good precipitation and river discharge
pared with GRACE data. The use of different precipitation 4413 ETRcannot be measured reliably, except for very small
data sets leads to considerable differences in computed watgf,cins  Another attempt to assess is the combined at-

storage change for a large number of river basins. Comparing,ospheric - terrestrial water balance approach (Seneviratne,
model results with GRACE observations shows a good spapggg4: Hirschi et al., 2006a, b) in which atmospheric moisture
tial correlation and also a good agreement in phase. HOWygyy and water content as computed by atmospheric circula-

ever, seasonal variations of water storage as derived frofjon models and river discharge observations are required.
GRACE tend to be significantly larger than those computed 5 e type of information about the spatial and tempo-

by WGHM, regardless of which climate data setis used. 5 yariations of continental water storage on a global scale
is expected from the Gravity Recovery and Climate Exper-
iment (GRACE) — a European-American satellite mission
) launched in 2002. Based on very exact measurements of
1 Introduction the distance between two satellites orbiting the Earth in an

altitude of about 500 km, monthly solutions of the Earth’s
Continental water storage makes up an essential part of thgravity field are modelled. The differences between monthly
global hydrological cycle. It is of particular importance for sp|utions contain a clear hydrological signal because chang-
the existence of many ecosystems and for the satisfaction ghg volumes of water stored on or beneath the Earth’s sur-
human demands, inCIuding water for agricultural, industrial face lead to small tempora| variations of the Earth’s grav-
and domestic use. Total continental water storage is ConSidity field. Changes of continental water storage are Computed
ered as the sum of water stored as snow and ice, in and 0By subtracting mass variations of atmospheric, oceanic and
vegetation covers, in the unsaturated soil zone, in groundwagther tidal contributions from the overall gravitational signal
(Schmidt et al., 2006; Ramillien et al., 2004).
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Due to the already mentioned lack of appropriate obserMonitoring Productis used from GPCC, based on a smaller
vation data on macro-scale water storage, GRACE missiomumber of station observations and a less intensive data pro-
results need to be evaluated by comparison with global hy-cessing.
drological models. In this study, water storage is calculated CRU and GPCC precipitation data are not corrected for
with the WaterGAP Global Hydrological Model (WGHM) measurement errors. Especially winter precipitation is of-
which includes a state-of-the-art representation of water storten underestimated due to wind induced solid precipitation
age components. In order to compare GRACE data with reundercatch. As this is supposed to have a strong influence
sults from WGHM, it is important to know the uncertainty of on snow water storage, a first simple approach for precipita-
continental water storage change as computed by WGHMtion correction is tested. According to Legates and Willmott
Climate input is an important source of uncertainty. There-(1990), correction is based on the following equation:
fore, the model is driven by different climate data sets to get
a better understanding especially of the influence of precipi-Pc =Ky X (Pg + APy + APW) x (R—-1)
tation data on calculated water storage change. In a firstpre-  +ks X (Pg + APy + APes) X R (2
liminary analysis, the different climate data sets and the cor-

responding model results are evaluated and compared Witli" IS t?he corrected greupnanom,l.sivxt/'md co'rretcr:]tlonf?ftor,
results from GRACE for some of the world’s largest river & 8 IS theé measured gauge precipita Ianp, 1S € wetling
basins. loss andA P, the evaporative loss. The subscriptand s

are used for rain and snow, respectively, @phdicates the

proportion of precipitation that falls as snow. Adam and Let-
2 Methods tenmaier (2003) created a global data set of gridded mean

monthly catch ratios (CR = gauge precipitation/adjusted pre-

Since 1996, the global hydrological model WaterGAP (Wa- cipitation_) for the adjL_Jstment Qf wind in(_JIuced un_dercatch
ter — Global Analysis and Prognosis) has been developed #ind Wetting losses, with a spatial resolution of*Gshitable
the Centre for Environmental Systems Research at the Unio" the application to gridded precipitation products. This

versity of Kassel. Since 2003, further model development isdat@set containmeanmonthly values for precipitation cor-

done both in Kassel and at the University of Frankfurt. A rection. In order to takactualmonthly temperatures into ac-
detailed model description can be found ialCet al. (2003).  count (€.9. to decrease correction factors in a warm winter),
The conceptual approach of the model structure identifies tot€ Proportion of snow£) as a function of temperature is
tal water storage as the sum of canopy, snow, soil and groundntroduced mtq the _correct|on formula. In Legates and Will-
water storage as well as water stored in surface water bodig®°tt (1990).,R is estimated as

like rivers, wetlands, lakes and reservoirs. Anthropogenic 1

water use for irrigation, industrial and domestic purposes isk = 1+1,61x (1,357 @)
also taken into account.

The previous WaterGAP 2.1e model version was drivenHere, 7 is the mean monthly temperature. Using this rela-
by monthly climate data from the Climate Research Unittionship between snow percentage and temperature, a new
(CRU). The CRU TS 2.1 data set provides gridded data foralgorithm for monthly precipitation correction is tested in
several climate variables like precipitation, number of rain WGHM based on the following equation:
days, temperature and cloudiness from 1901-2002 with a 1 R(T)
spatial resolution of 05covering the global land surface. P. = Pg X |:C_R X —_}
This dataset is based on station observations and was calcu- R(T)
lated using the statistical approach of anomaly analysis (sewith catch ratiosCR) from Adam and Lettenmaier (2003,
Mitchell et al., 2005 and New et al., 2000 for details). as theactualmean and’ as thdong term mear1961-1990)

For the recent WaterGAP 2.1f model version a different monthly temperature.
data set for precipitation is used additionally to estimate the As CRU climate parameters like temperature and cloudi-
uncertainty of computed water storage due to the uncertaintyyess are only available until 2002 and GRACE results are
of precipitation input. We focussed on precipitation as it is obtained since 2003, another source for these climate vari-
well known that precipitation is the climate variable which ables has to be found to apply the model in recent years. For
most influences the continental part of the water cycle. Thethis purpose, results from the ECMWF operational forecast
Global Precipitation Climatology Centre (GPCC) provides system are taken to get global gridded data for temperature,
a gridded monthly precipitation product for the global land cloudiness and the number of rain days.
surface. This GPCC VersionRll Data Productis available WGHM is calibrated by adjusting only one parameter. The
from 1951-2004 with a spatial resolution of 9(Rudolf and  runoff coefficienty determines the relationship between soil
Schneider, 2005). It is based on a larger number of statiomoisture and runoff — a modelling approach taken from the
observations than the CRU data and covers the time periotHBV hydrological model concept (Bergétn, 1992). The
of the first GRACE results. For the year 2005, the so-calledparametery is calibrated against discharge measurements

(4)
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Table 1. Comparison of calibration results based on CRU and GPCC precipitation data.

Precipitation data set CRU GPCC
Number of Area [%] Number of Area [%]
discharge stations discharge stations

acceptables (0.3<y <3)! 471 39.4 454 37.2

y=0.3 (underestimated discharge) 480 34.6 506 36.7

y=3.0 (overestimated discharge) 284 26.0 275 26.1

AME >0.5? 514 45.3 541 45.5

MME >0.5° 475 37.8 502 39.5

1y —runoff coefficient in WaterGAP, used as calibration parameter, predefined acceptable values between 0.3 and 3

2 AME — annual modelling efficiency
3 MME — monthly modelling efficiency

at 1235 gauging stations worldwide so that the calculatedhe algorithms for the spatial interpolation of point data and
long-term mean annual river discharge matches the observefr data processing (e.g. handling of inhomogeneities, over-
values within a range of 1% deviation. Additional correc- lapping station records etc.) are different between the two
tion factors are applied when the calibrated parameter is outdata sources.
side a predefined accepted range. In areas outside calibration Precipitation correction of GPCC data using Eq. (4) leads
basins, the parameteris regionalised according to physio- to a global increase in yearly precipitation of 11.7% for
graphic characteristics (@ et al., 2003). The whole cali- 1961-1990. Especially in northern snow-dominated regions,
bration procedure is performed twice: 1) with the CRU cli- an increase between original and corrected GPCC precipi-
mate dataset and 2) with GPCC precipitation data and othetation is achieved due to higher correction factors in winter
climate variables from CRU. The results of both calibration months to account for solid precipitation undercatch.
runs are analysed and compared.

Continental water storage change is calculated with3.2 Comparison of calibration results

WGHM for the largest river basins worldwide using differ- L )
ent precipitation data. Model results are then compared withl "€ model calibration to discharge measurements at 1235
GRACE. gauging stations is performed both for CRU and GPCC pre-

cipitation data. A comparison of calibration results is pre-
sented in Table 1. The annual and monthly modelling ef-
3 Results ficiency (AME and MME) are calculated following the for-
mula of Nash and Sutcliffe (1970) for observed and modelled
3.1 Comparison of CRU and GPCC precipitation data  annual and monthly discharge values at the selected stations.
_ _As can be seen in Table 1, calibration with GPCC precipita-
The CRU and GPCC precipitation data sets show great difyion gatq leads to a decreasing number of stations where

ferences, e.g. in north-western Africa where the CRU precip-a, pe adjusted within the predefined acceptable range of 0.3
itation data are generally smaller than the GPCC values (datgq 3. Nevertheless. the number of stations with AME or

not shown). The opposite behaviour can be identified .9y \mE greater than 0.5 increases, indicating a slight improve-
in the north-eastern part of Africa like the lower Nile basin, 1 ant of calibration.

as well as in the European Alps or Central Asia where the

CRU values are higher than the GPCC values. Looking at3.3 Calculation of water storage change

the long-term mean (1961-1990), in only 39% of all mod-

elled cells the CRU and GPCC precipitation data show lit- Taking the results of both calibration runs and the differ-
tle differences (++5%). The global long-term mean annual ent precipitation data into account, WGHM is used to cal-
precipitation sums (averaged over all Orhodel cells) are  culate total water storage chang€TWS) on a global scale.
721 mm for CRU and 708 mm for GPCC data. GPCC meanATWSseasonalS computed as the intra-annual amplitude of
precipitation tends to be smaller than CRU precipitation onstorage change between months with maximum and mini-
a global scale, a fact already mentioned in other comparisomum water storage within one year. For a first preliminary
studies QOsterle et al., 2003). The above mentioned differ- assessment, the year 2002 is selected.

ences might be due to the different number of station obser- As can be seen in Fig. 1, seasonal water storage change
vations used to create the gridded data product. Additionallycomputed with WGHM shows large values in tropical
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Fig. 1. Seasonal water storage chah@em) for the year 2002 — calculated with WGHM based on GPCC precipitation data.
(* Seasonal water storage change = the difference between maximum and minimum monthly storage within one year)

climate zones due to large intra-annual differences in preciping a Gaussian-type filter with an averaging radius of 500
itation (e.g. South-East Asia). In the Amazon basin, a strongkm is applied (see Schmidt et al., 2006 for details). Monthly
storage change signal can also be identified due to the greatorage variations are computed with WGHM for the years
varying volumes of water stored within surface water bodies.2002—2005 and compared with results from GRACE for the
Furthermore, snow-dominated regions show remarkable seéAmazon basin (Fig. 3). For the year 2002, a strong in-
sonal variations in water storage due to the accumulation ofluence of different precipitation input on WGHM calcula-
water in terms of snow during winter months until the snow tions can be identified. Averaged over the whole Amazon
melt in spring or summer. In Fig. 1, linear features along basin, CRU precipitation is only 8% larger than GPCC but
major rivers can also be identified due to the high amount ofthe intra-annual variability is more pronounced. That's why
discharge volume contributing locally tsTWS. the CRU precipitation leads to larger monthly amplitudes of
To compare the model output based on different precipita-storage change than the GPCC data (+33%). For the years
tion data, the results are averaged for the world’s largest rive2003—-2005, GRACE data show much larger amplitudes than
basins (basins with an area greater than 200 069 krin WGHM model results in the Amazon basin. Those differ-
Fig. 2, the difference between seasonal water storage changces are larger than what could be expected from climate
computed with CRU vs. GPCC precipitation data is calcu-input uncertainties as evaluated for 2002.
lated as the ratio of the two values, aggregated for large river Different precipitation input does not lead to significant
basins. In 17% of all selected basins, e.g. the Mississippidifferences in water storage changeadh of the selected
Danube, Nile or Amur, the differences are smalH5£6). In basins (as already mentioned in 3.3). But, in agreement
South America, the seasonal water storage change calculatedth other comparison studies, the hydrological model shows
with CRU precipitation is generally greater than the valuesgenerally smaller amplitudes of water storage change than
calculated with GPCC. Other basins with deviations in bothGRACE. A comparison between GRACE and WGHM was
directions are distributed inhomogeneously on a global scalealso carried out by Schmidt et al. (2006). They found similar
Precipitation correction (not shown) leads to an increasespatial patterns but also less temporal storage variations for
in seasonaATWS especially in snow-dominated basins in WGHM. Ramillien et al. (2005) found a good spatial corre-
northern Asia or North America because of higher correctionlation between GRACE and WGHM but also differences in
factors in winter than in summer months, thus increasing theamplitude.
seasonal amplitude.

3.4 Comparison with GRACE 4 Conclusions and outlook
In order to compare WGHM results with GRACE, the hydro- There are significant differences between the two global ob-

logical model output and GRACE data have to be processedervation based precipitation data sets (CRU and GPCC).
in the same way. Therefore, a spatial filtering technique us-Continental water storage as calculated with the global
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Fig. 2. Difference between seasonal water storage change for ba20&000 kn? for the year 2002 calculated with WGHM based on CRU
and GPCC precipitation data (ratio CRU/GPCC).
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Fig. 3. Monthly water storage variations from GRACE and WGHM for the Amazon basin (2002—2005), calculations based on different
climate data sets (legend: precipitation + other climate input, for details see Sect. 2).

hydrological model WGHM is highly sensitive to precipi- A more extended analysis of available climate data sets
tation input. As a first preliminary result, precipitation cor- and their influence on water storage change computed with
rection leads to an increase in seasonal water storage chanf¢GHM will be done in the future, including a more detailed
especially in northern snow-dominated basins. GRACE datasensitivity analysis. In addition, the role of individual storage
tend to show higher seasonal amplitudes of continental waeomponents (contributing to total water storage with differ-
ter mass variations than WGHM in most river basins. Thisent proportions and phase) will be investigated. The rela-
can only partially be explained by different precipitation data tion between river discharge and water storage also has to be
sets. evaluated in order to improve the calibration strategy. A new
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promising approach to calibrate WGHM both with measuredMitchell, T. D. and Jones, P. D.: An improved method of construct-
discharge and GRACE data is currently pursued at GFZ Pots- ing a database of monthly climate observations and associated
dam. Finally, the total WGHM model uncertainty (climate high-resolution grids, Int. J. Climatol., 25(6), 693712, 2005.
input plus parameters and model structure) and GRACE unNash, J. E. and Sutcliffe, J. V.. River fllow foreqas.ting through con-
certainty need to be assessed in order to quantify the reliabil- ig?:t),l)]alzgrgogglg Fig'go' — A discussion of principles, J. Hydrol.,
Ity'l?fié)?;?gi?t:rii)ﬁﬁdes of the GRACE signal might be an New, M., Lister, D., Hulme, M., and Makin, I.: A high-resolution
L N . data set of surface climate over global land areas, Clim. Res.,
indicator that there are limitations of the hydrological model 21(1), 1-25, 2002.

to account forall elements of continental water storage ap- gsterie. H., ,Gerstengarbe, F-W. and Werer, P. C.. Ho-
propriately. However, GRACE results are also subject to @ mogenisierung und Aktualisierung des Klimadatensatzes der Cli-
constant improvement of the data processing strategy by us- mate Research Unit der University of East Anglia, Norwich,
ing improved background models for the separation of time- Terra Nostra 6. Deutsche Klimatagung, 326-329, 2003.

varying signals and by advanced de-aliasing methods. Ramillien, G., Cazenave, A., and Brunau, O.: Global time varia-
tions of hydrological signals from GRACE satellite gravimetry,
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