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Abstract

When assessing global water resources with hydrological models, it is essential to
know the methodological uncertainties in the water resources estimates. The study
presented here quantifies effects of the uncertainty in the spatial and temporal patterns
of meteorological variables on water balance components at the global, continental5

and grid cell scale by forcing the global hydrological model WaterGAP 2.2 (ISI-MIP
2.1) with five state-of-the-art climate forcing input data-sets. While global precipitation
over land during 1971–2000 varies between 103 500 and 111 000 km3 yr−1, global river
discharge varies between 39 200 and 42 200 km3 yr−1. Temporal trends of global wa-
ter balance components are strongly affected by the uncertainty in the climate forcing10

(except human water abstractions), and there is a need for temporal homogenization
of climate forcings (in particular WFD/WFDEI). On about 10–20 % of the global land
area, change of river discharge between two consecutive 30 year periods was driven
more strongly by changes of human water use including dam construction than by
changes in precipitation. This number increases towards the end of the 20th century15

due to intensified human water use and dam construction. The calibration approach
of WaterGAP against observed long-term average river discharge reduces the impact
of climate forcing uncertainty on estimated river discharge significantly. Different hom-
geneous climate forcings lead to a variation of Q of only 1.6 % for the 54 % of global
land area that are constrained by discharge observations, while estimated renewable20

water resources in the remaining uncalibrated regions vary by 18.5 %. Uncertainties
are especially high in Southeast Asia where Global Runoff Data Centre (GRDC) data
availability is very sparse. By sharing already available discharge data, or installing
new streamflow gauging stations in such regions, water balance uncertainties could be
reduced which would lead to an improved assessment of the world’s water resources.25

2

http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-527
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
doi:10.5194/hess-2015-527

Variations of global
and continental water
balance components

H. Müller Schmied et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Assessment of global-scale water resources and water balance components is of im-
portance for water resources management at global, continental and river basin scales
(Vörösmarty et al., 2015). Many data-based, model-based, and hybrid approaches exist
in order to quantify macro-scale water balance components (Baumgartner and Reichel,5

1975; Fekete et al., 2002; Haddeland et al., 2011; Müller Schmied et al., 2014; Oki
and Kanae, 2006). For water resources management, especially the estimation of re-
newable freshwater resources (long-term average runoff or river discharge) is of impor-
tance, as it is the source for both human and ecosystem needs. As adequate discharge
observations are available only at selected locations (see the catalogue of Global10

Runoff Data Centre (GRDC), http://grdc.bafg.de/), model-based or hybrid (i.e. incorpo-
rating historic discharge observations) approaches to estimate discharge and other wa-
ter balance components are of increasing importance. The International Association of
Hydrological Sciences (IAHS) decade on Predictions in Ungauged Basins (PUB) from
2003–2012 put a special focus on model application in data-sparse regions (Sivapalan15

et al., 2003). Since the 1980s, global hydrological models (GHMs) have been devel-
oped to calculate the water balance on global and/or continental scale. Recent reviews
of developments and current state of such models are presented by Bierkens (2015),
Sood and Smakhtin (2015) and Trambauer et al. (2013).

All GHMs are driven by climate forcing input data sets (hereafter called climate forc-20

ings), based on station observations (e.g. for precipitation and air temperature), reanal-
ysis (meteorological forecast models which assimilate all available up-to-date data for
present time step) and/or remote sensing data (e.g. for radiation). Within the last two
decades, numerous climate forcings were developed with a current standard of at least
daily temporal resolution and 0.5◦ by 0.5◦ spatial resolution (the common GHM spatial25

resolution) and are available for historical time periods (from as early as 1901 until re-
cent years). These climate forcings may differ among each other and thus may lead to
different water resources estimates by GHMs.
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Humans have altered the global water cycle with an increasing intensity e.g. due
to agricultural irrigation or industrial water use (Döll and Siebert, 2002; Döll et al.,
2012; Flörke et al., 2013; Siebert et al., 2015; Wada et al., 2010). A number of GHMs
(but not all) are able to incorporate human water use in their calculations (see Ta-
ble 2 in Bierkens, 2015). Neglecting anthropogenic water consumption leads to wrong5

assumptions for water resources assessment, in particular in regions with high wa-
ter consumption relative to the renewable resources (e.g. High Plains Aquifer, Indus,
Ganges-Brahmaputra). For example, groundwater depletion as observed in wells and
by GRACE satellite observations of gravity variations can only be modelled when hu-
man water use is considered (Döll et al., 2014).10

Simulated water balance components vary considerably due to various uncertain-
ties of GHMs (Haddeland et al., 2011; Schewe et al., 2014) including GHM ability to
include human water use, model improvements over time (e.g. see the different results
of the Water Global Assessment and Prognosis (WaterGAP) model in Müller Schmied
et al. (2014), their Table 5), climate forcing and its underlying station measurement er-15

rors (Biemans et al., 2009) as well as uncertainties in discharge observations (Coxon
et al., 2015; McMillan et al., 2012). In addition to these uncertainties, water resources
estimates may differ due to different reference periods.

This study contributes to the assessment of water balance components on a global
and continental scale by answering the following research questions.20

1. What is the variation of estimated global water balance components for different
temporal aggregations: year, decade, 30 years, and century?

2. What is the impact of climate forcing uncertainty on water balance components at
global, continental and grid cell scale?

3. What determines variations of long-term average river discharge between con-25

secutive 30 year periods more strongly – either change of precipitation or change
of human water use and dam construction creating reservoirs and regulated lakes
(“anthropogenic impact”)?
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To answer these questions, we used four (plus one modified) state-of-the-art climate
forcings and the GHM WaterGAP in its version 2.2 (ISI-MIP 2.1). The model, data and
methods are described in Sect. 2, followed by the results in Sect. 3. The research
questions are answered in the discussion (Sect. 4). Finally, conclusions are drawn and
an outlook is presented in Sect. 5.5

2 Data and methods

In this study, the global water availability and water use model WaterGAP
(Alcamo et al., 2003; Döll et al., 2003) was applied in a modified ver-
sion of WaterGAP 2.2 (Müller Schmied et al., 2014) in two water use
and management variants (including and excluding anthropogenic effects). The10

model was driven by four state-of-the-art climate forcings provided by the
Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) in its current
phase 2.1 (https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/
research/rd2-cross-cutting-activities/isi-mip/about/isi-mip2) and a fifth homogenized
forcing.15

2.1 GHM WaterGAP 2.2 (ISI-MIP 2.1)

The spatial resolution of WaterGAP is 0.5◦ by 0.5◦ (∼55 km by 55 km at the equator),
and the model uses daily time steps for calculation. The WaterGAP water use models
compute water use estimates for five water use sectors (irrigation, domestic, manu-
facturing, cooling water for electricity generation, and livestock) that are processed by20

the Ground Water Surface Water Use (GWSWUSE) submodule to establish net wa-
ter abstraction from surface and groundwater resources (Fig. 1 in Müller Schmied et
al., 2014). Taking into account the net abstractions, the WaterGAP Global Hydrology
Model (WGHM) calculates changes in water storage compartments as well as wa-
ter flows between these compartments based on water balance equations, including25
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groundwater recharge, evapotranspiration and river discharge. A description of model
version WaterGAP 2.2 can be found in Müller Schmied et al. (2014). The version used
for this study, named WaterGAP 2.2 (ISI-MIP 2.1), includes the following modifications
of WaterGAP 2.2, mainly done to fulfil requirements of the ISI-MIP project, phase 2.1:

– A new land cover input based on MODIS data from the year 2004 (using the5

dominant land cover class per 0.5◦ cell instead of the land cover class at the grid
centre).

– Updated lake and wetland inputs based on the Global Lakes and Wetlands
Database (GLWD) (Lehner and Döll, 2004) and the Global Reservoir and Dam
database (GRanD) version 1.01 (Lehner et al., 2011) as well as information on10

operation years from available electronic resources.

– Different ocean-land mask: while WaterGAP 2.2 uses the ocean-land mask from
the IMAGE model (Alcamo et al., 1998), being the standard for WaterGAP devel-
opment and covering 66 896 grid cells, here the WATCH-CRU ocean-land mask
with 67 420 grid cells is used. Main differences occur in coastal areas (for which15

static attributes, such as soil moisture capacity, of the standard land mask are
transferred to the new neighbouring cell, while some other coastal cells disap-
peared), and the inclusion of many more islands in the Pacific Ocean (that ob-
tained attributes values from nearest grid cells).

– Deficit irrigation based on Döll et al. (2014), with only 70 % of irrigation water20

demand in grid cells which have a groundwater depletion of at least 5 mm yr−1

during 1980–2009 and where the fraction of water withdrawals for irrigation is
larger than 5 % of total water withdrawals for the same time period.

– Man-made reservoirs are no longer assumed to exist over the whole simulation
period but only from the year of their construction onward. This includes also25

regulation of the outflow of natural lakes by dams.
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– For lakes, the reduction of evaporation due to decreasing lake area is calcu-
lated as 2×maximum lake storage (Smax) in the denominator as in Hunger and
Döll (2008, their Eq. 1), for a more realistic storage behaviour.

2.2 Calibration of WaterGAP 2.2 (ISI-MIP 2.1) against observed streamflow

The initial purpose of WaterGAP development was the assessment of (renewable) wa-5

ter resources as a prerequisite for human and ecosystem well-being. To obtain mean-
ingful estimates of water resources despite different sources of uncertainty related to
GHMs, a calibration scheme was applied (see Döll et al., 2003; Hunger and Döll, 2008;
Müller Schmied et al., 2014). The calibration routine in WaterGAP 2.2 (ISI-MIP 2.1)
forces the long-term annual simulated discharge (Q) to be equal (within ±1 %) to ob-10

served long-term annual discharge at grid cells representing calibration stations, for the
period of observations (with a maximum of 30 years of observation being considered).
With alternative climate forcings, basin-scale differences in Q and (subsequent) actual
evapotranspiration (AET) therefore occur especially in catchments without calibration
stations or during years without observed discharge. Figure 1 shows the land grid cells15

that are affected by calibration in this study, incorporating around 54 % of the global
land surface (excluding Antarctica and Greenland). We calibrated the model for each
of the four climate forcings (GSWP3, PGFv2, WFD and WFDEI_hom, descriptions of
acronyms in Sect. 2.3) against mean annual discharge at 1319 discharge observation
stations from the Global Runoff Data Centre (GRDC) catalogue, except for WFD, where20

due to the earlier end of the forcing time series, only 1312 stations could be used. The
calibration parameters of WFDEI_hom were then used for WFD_WFDEI forcing. Ob-
servations stations were selected such that the upstream area and the interstation
catchment area had a minimum size of 9000 and 30 000 km2, respectively, and only if
a minimum of four complete years of data was available.25

7
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2.3 Climate forcing data sets

Within the ISI-MIP project phase 2.1, four state-of-the-art climate forcings were
made available through the coordinating Potsdam Institute for Climate Impact Re-
search (PIK): GSWP3, PGFv2, WFD, and WFD_WFDEI). For each forcing, daily val-
ues of the variables precipitation (P ), 2 m air temperature (T ), shortwave downward5

radiation at the surface level (SWD) and longwave downward radiation at the surface
level (LWD) were used to run WaterGAP. Due to inhomogeneity problems during over-
lapping periods of WATCH Forcing Data based on ERA-40 (WFD data set, 1901–2001)
and WFD methodology applied to ERA-Interim (WFDEI data set, 1979–2010), a data
homogenization method was applied. This resulted in a fifth homogenized climate forc-10

ing (WFDEI_hom). The name of the climate forcing is used to name the model variant.

2.3.1 Global Soil Wetness Project 3 (GSWP3)

For the third phase of Global Soil Wetness Project (GSWP), a century long (1901–
2010) high resolution global climate data was developed (http://hydro.iis.u-tokyo.ac.
jp/GSWP3). The 20th Century Reanalysis (20CR) done with the NCEP atmosphere15

land model (Compo et al., 2011) which has relatively low spatial resolution (∼2.0◦) and
long term availability (140 years) was dynamically downscaled into the global T248
(∼0.5◦) resolution using Experimental Climate Prediction Center (ECPC) Global Spec-
tral Model (GSM) by spectral nudging data assimilation technique (Yoshimura and
Kanamitsu, 2008). Also, Global Precipitation Climatology Centre (GPCC) version 6 and20

Climate Research Unit (CRU) TS3.21 observational data were used for bias correction
to reduce model dependent uncertainty. Wind-induced P undercatch correction is ap-
plied depending on gauge type and their global distribution according to Hirabayashi et
al. (2008).

8
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2.3.2 Princeton Global Meteorological Forcing Dataset (PGFv2)

The Princeton Global Meteorological Forcing Dataset, version 2 (PGFv2) is an update
of the forcing described by Sheffield et al. (2006). It blends reanalysis data (NCEP-
NCAR) with station and satellite observations and covers in its current form the pe-
riod 1901–2012 (http://hydrology.princeton.edu/data.pgf.php). P is bias corrected to5

monthly CRU TS3.21 and is not undercatch corrected (different to the previous ver-
sion). Daily T is adjusted to match CRU TS3.21 monthly values by shifting. SWD is
adjusted for systematic biases at monthly scale (using a product from University of
Maryland (by Rachel Pinker) developed within NASA Measures project) and then, for
trends using CRU TS3.21 cloud cover. LWD is scaled to match the mean and variability10

of the University of Maryland data (see SWD) but retains the year-to-year variation of
the NCEP data. All information on PGFv2 is based on personal communication with
J. Sheffield, 2015.

2.3.3 WATCH Forcing Data (WFD)

The WATCH Forcing Data (WFD) was developed by Weedon et al. (2010, 2011) in15

the scope of the European FP6-funded Water and Global Change (WATCH) project
(www.eu-watch.org). The data-set is based on the European Centre for Medium-Range
Weather Forecasts (ECMWF) 40-year reanalysis product (ERA-40) for the period 1958
to 2001 and on the reordered ERA-40 data for the period 1901–1957. The variables
from ERA-40 are interpolated (incorporating elevation) and some are corrected to20

monthly observation data, e.g. monthly bias-correction for P using GPCC version 4
(details in Weedon et al., 2010, 2011). Monthly P is corrected for wind-induced under-
catch according to Adam and Lettenmaier (2003). Monthly T is corrected to CRU TS2.1
and SWD is corrected to cloud cover of CRU TS2.1 whereas LWD is not bias corrected
(Weedon et al., 2010).25

9
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2.3.4 Combined WFD and WFDEI (WFD_WFDEI)

The WFDEI dataset was created by applying the WFD methodology to the newer ERA-
Interim reanalysis data of ECMWF which is improved compared to ERA-40, especially
for SWD (Weedon et al., 2014). WFDEI is available for the period 1979 to 2010, with P
bias-corrected to GPCC version 5 (and version 6 for 2010) and using ratios from Adam5

and Lettenmaier (2003) for correction of P undercatch. There is another P variable
available until to 2012, but corrected to CRU TS3.1/TS3.21 (not used in this study). In
WFDEI, SWD in northern Africa up to central Europe is much larger than in WFD due
to changes in aerosol distribution in ERA-Interim as compared to ERA-40 (Dee et al.,
2011; Weedon et al., 2014). Monthly values for T are bias corrected to CRU TS3.1/3.2110

and SWD to cloud cover of CRU TS3.1/3.21. WFD_WFDEI as provided by ISI-MIP 2.1
is a simple time-consecutive combination of WFD (1901–1978) and WFDEI (1979–
2010), which can be problematic when not checking for offsets (Weedon et al., 2014).
Müller Schmied et al. (2014) used the same concatenating approach and found con-
siderable offsets in WaterGAP simulated water balance components. Due to the strong15

global increase in SWD in WFDEI relative to WFD for overlapping periods (1979–2001),
the actual evapotranspiration AET increased globally by ∼5000 km3 yr−1, which affects
resulting water storages and global sums of Q (Müller Schmied et al., 2014).

2.3.5 Homogenized combined WFD and WFDEI (WFDEI_hom)

To overcome the offset in selected climatic variables between WFD and WFDEI, a20

homogenization approach similar to that of Haddeland et al. (2012) was applied to the
daily data for three climatic variables. For the variables SWD and LWD, a multiplicative
approach was applied (Eq. 1). T was homogenized with an additive approach due to
possible zero values (Eq. 2). P was not homogenized as only marginal differences in
continental and global sums occur (Table 4).25

10

http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-527
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
doi:10.5194/hess-2015-527

Variations of global
and continental water
balance components

H. Müller Schmied et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Vhom = VWFD ·
VWFDEI(m)

VWFD(m)
(1)

Vhom = VWFD + VWFDEI(m)− VWFD(m) (2)

with Vhom being the homogenized daily variable (1901–2001), VWFD the original daily
variable from WFD (1901–2001), VWFDEI(m) and VWFD(m) the long-term mean monthly
variable from WFDEI and WFD for the overlapping time period 1979-2001, applied to5

the current month. The final homogenized daily WFDEI_hom time series consists of
homogenized WFD data until 1979 and of WFDEI data afterwards.

2.4 Calculation of global averages and indicators

2.4.1 Global climate and water balance components

The calculation of global averages for climate forcing variables as well as water balance10

components are based on all land grid cells excluding Antarctica (not represented),
Greenland, and those grid cells that represents inland sinks. For T , SWD and LWD,
area-weighted averages were calculated. Global Q was calculated by summing up the
Q of all grid cells that are outflow cells into the ocean according to the drainage direction
map DDM30 (Döll and Lehner, 2002) and the Q into all grid cells that represent inland15

sinks.

2.4.2 Indicator for relative dominance of precipitation or anthropogenic impact
on discharge variability

To answer research question 3, i.e. to determine, whether the change of long-term av-
erage discharge between two consecutive 30 year period is either more likely due to20

the change of P in the upstream river basin or more likely due to the change of the
anthropogenic impact on Q by human water use and dam construction, a number of

11
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indicators were developed and combined. In the equations below, Q represents sim-
ulated discharge under anthropogenic conditions, whereas Qnat is the discharge that
would occur without human water use as well as reservoirs or regulated lake regulation
by dams.

First, we assume that P change cannot be the more dominant driver than the change5

of anthropogenic impacts if P increases while Q decreases (and vice versa). For each
grid cell, the indicator An is computed as

An =
Pbas(n),t2 − Pbas(n),t1

Qn,t2 −Qn,t1

(3)

where An [–] is the indicator for consistency between changes in cumulative upstream
precipitation of grid cell n (Pbas(n), [km3 yr−1]) and simulated river discharge of the grid10

cell (Qn, [km3 yr−1]) between the time periods t1 (e.g. 1941–1970) and t2 (e.g. 1971–
2000). If changes of P and Q have the same sign, An is positive, and the P change
may be a significant driver of the Q change. If An is negative, it can be excluded that
the change of P is a significant driver of the change in Q.

Similar to An, indicator Bn serves to check whether the change of the anthropogenic15

impact on river discharge, expressed as the difference between Q and Qnat, is con-
sistent with the change of Q. An increasing difference should lead to a decrease of
Q.

Bn =
Qn,t2 −Qn,t1(

Qnatn,t1
−Qn,t1

)
−
(
Qnatn,t2

−Qn,t2

) (4)

where Bn [–] is the indicator for consistency between changes in Q and changes in20

the anthropogenic impact on river discharge. If e.g. Q increases between the two time
periods but the difference between Qnat and Q increases e.g. due to increased human
water use among the time periods, Bn gets negative, indicating that anthropogenic
effects cannot be a significant driver of change in Q.

12
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In case of both An and Bn are equal to or greater than zero, Ivarprec, Ivarant and
Ivarprecdom are calculated as

Ivarprec,n =
∣∣∣(Qn,t2 −Qn,t1

)
−CQP ,n

(
Pbas(n),t2 − Pbas(n),t1

)∣∣∣ (5)

where Ivarprec [km3 yr−1] is an absolute indicator for the amount that the change in
Q results from the change in P , translated into Q via the runoff coefficient CQP ,n [–],5

calculated as

CQP ,n = 0.5

( Qnatn,t1

Pbas(n),t1

+
Qnatn,t2

Pbas(n),t2

)
(6)

and assuming that the runoff coefficient remains constant over the two time periods.
The smaller Ivarprec, the more likely that the change in P is a strong driver of the

change in Q. The indicator for anthropogenic effect Ivarant [km3 yr−1] is calculated as10

Ivarant,n =
∣∣∣(Qn,t2 −Qn,t1

)
−
((

Qnatn,t1
−Qn,t1

)
−
(
Qnatn,t2

−Qn,t2

))∣∣∣ . (7)

The smaller Ivarant, the more likely that the change in the anthropogenic impact is a
strong driver of the change in Q. Finally, the indicator of relative dominance Ivarprecdom

[km3 yr−1] is calculated as

Ivarprecdom,n = Ivarant,n − Ivarprec,n. (8)15

The change in P is a more dominant driver than the change in anthropogenic impact if
An >0 and Bn <0, or if Ivarprecdom,n >0. The change in anthropogenic impact is a more
dominant driver than the change in P , if An <0 and Bn >0, or if Ivarprecdom,n <0. If both
An <0 and Bn <0, changes in Q are not consistent with either changes due to P or due
to anthropogenic effects, and are caused by changes of other drivers, e.g. T .20

13
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3 Results

3.1 Variation of estimated global water balance components for different
temporal aggregations

Figure 2 shows the importance of temporal aggregation and reference periods for the
assessment of global scale climatic variables and water balance components. Even for5

globally aggregated components, there are strong year-to-year fluctuations. Decadal
(10 years) aggregations show either fluctuation around the 30 year aggregations or,
in case of variables with a significant temporal trend (T and actual water consumption
WCa), a decade appears to be an appropriate aggregation period to clearly show the
trend.10

Increase of global averages of T during the last three decades is comparable among
the five climate forcings but PGFv2 shows higher T in the first two decades of the
time series which affects long-term trends. Large differences occur for SWD, for which
WFD forcing shows an offset of around −15 W m−2. This also affects the combined
standard WFD_WFDEI, resulting in an implausible inhomogeneity from 1978 to 1979.15

The monthly homogenized series (WFDEI_hom) reduces this offset, but the (smaller)
offset within WFD since 1973 (integration of first NOAA VTPR satellite data, Uppala
et al., 2005) cannot be reduced by this method. The variable LWD shows different
variations among the climate forcings (e.g. between GSWP3 and PGFv2), while the
100-year averages are relatively close to each other. Again, in WFD (and consequently20

WFD_WFDEI and WFDEI_hom) the usage of satellite data in the ERA-40 reanalyses
from 1973 onwards leads to an offset in LWD which is clearly visible in the 30 year
averages (1971–2000) in all three forcings. Using land surface parameters, WaterGAP
calculates the outgoing components of radiation and subsequently net radiation which
is then used to calculate potential evapotranspiration. The temporal variation of net25

radiation (not shown), is relatively low, except for the WFD_WFDEI combination, and
WFD net radiation is comparatively low in absolute numbers. Generally, P is increasing
over time, visible in the 30 year climate normal, but varying in smaller time aggrega-

14
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tions (e.g. decadal variation is not negligible). For century means (1901–2000), forc-
ings that are bias corrected to GPCC data (all except PGFv2) show nearly the same
value. The century mean for PGFv2 is around 7000 km3 yr−1 smaller due to the not
used undercatch adjustment in this version. The trend of Q does not necessarily fol-
low P (e.g. GSWP3), while AET does (except WFD_WFDEI where the AET pattern5

resembles the inverted Q pattern).
For Q (AET), the inhomogeneity in WFD_WFDEI leads to an implausible decrease

(increase) of around 5000 km3 yr−1. This error can be reduced by homogenization to
around 2000 km3 yr−1 (WFDEI_hom). The trend of Q varies among the forcings (in-
crease in PGFv2, constant in GSWP3, decrease in the others). The decrease of Q from10

1981 onwards which is visible in the WFD_WFDEI and WFDEI_hom forcings, is likely
related to differences of the ERA-Interim reanalysis vs. the NCEP (GSWP3, PGFv2)
and ERA-40 (WFD) forcings. As neither P (more or less constant) nor radiation (which
starts to have an offset already in the previous decade) is not related to the decrease
in Q, regional variation of climate forcing variables are likely to be responsible. Century15

means of Q differ remarkably (up to 5500 km3 yr−1). WCa is continuously increasing in
all model variants with a more pronounced trend since the 1950s. The separation of
water uses into the different sectors as well as into water withdrawals and consumptive
use are shown by Müller Schmied et al. (2015), their Fig. 3.

3.2 Global water balance components (1971–2000)20

For the global land area (excluding Antarctica, Greenland and grid cells represent-
ing inland sinks) and the five model variants for the time period 1971–2000, totals of
water resources are shown in Table 1, with a separation by calibration areas and non-
calibration areas in Table 2. Row 3 in Tables 1 and 2 show Q into oceans and inland
sinks, and runoff produced in all grid cells within the calibration and non-calibration25

basins (runoff computed as grid cell-specific difference between Q flowing into and out
of the cell), respectively.

15
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The 1971–2000 averaged global P differs among the model forcing variants, with the
largest difference found between CRU based product (PGFv2) and the GPCC based
products (all other forcings) amounting up to 7000 km3 yr−1 (Table 1). Even the GPCC-
based forcings vary by up to 1400 km3 yr−1 (exceeding the amount of WCa), obviously
due to the different correction of measurement errors, such as snowfall undercatch.5

While the calibrated grid cells cover 54 % of global land area (excluding Antarctica and
Greenland), they receive 61.3 % of P (Table 2). Müller Schmied et al. (2015) shows the
proportions of AET, Q, WCa and the change of total water storage of the five climate
forcings in their Table 2. The difference among the forcing variants (calculated as (max-
imum P −minimum P )/mean P ) is with 7.5 % in calibrated basins slightly higher than10

in non-calibrated basins (6.1 %).
Global Q varies among the five forcings by around 3000 km3 yr−1 (Table 1).

As expected, the difference among the forcing variants (calculated as (maxi-
mum Q−minimum Q)/mean Q) is with 18.4 % higher in non-calibrated basins than
in calibrated basins, where it is only 2.8 %. For the homogeneous forcings (less15

WFD_WFDEI), Q differs in calibration regions with 18.5 % and in non-calibrated re-
gions by 1.6 %. That there is any discharge variation in calibrated basins is due various
reasons. Calibration forces the simulated mean annual discharges to be equal (within
1 %) to the observed ones for the calibration period. Outside the calibration period,
the different forcings cause the computed Q to vary. In the homogeneous forcings that20

are undercatch adjusted by using GPCC data (GSWP3, WFD, WFDEI_hom), Q differs
by only 0.1 % in calibrated regions and 10.5 % in non-calibrated regions. This high-
lights the agreement of spatio-temporal P distribution at this scale and the effect of
calibration for these forcings, and the low influence of the smaller number of years of
available climate data for calibrating WFD. For the forcings GSWP3 and PGFv2, the25

same discharge data were used for calibration (if available, 30 years of data between
1920 and 2009, preferable between 1971–2000). To avoid the offset problematic in
the WFD_WFDEI forcing, WFDEI_hom was calibrated with a preferable time period of
1980–2009 and the calibration parameters were transferred to WFD_WFDEI. As WFD

16
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ends in 2001, only station data until 2001 could be used (same preference time). For
this reason, seven out of the 1319 calibration stations were excluded. Nevertheless, Q
for calibration regions and WFD forcing is within the range of the other forcings that
are driven by GPCC data (WFDEI_hom, GSWP3) which is a result of higher calibration
parameter values for WFD forcing.5

Around 55.2 % of Q and 65.0 % of AET occur in calibrated regions (Table 2). Main
differences of Q among the four homogeneous forcings in non-calibrated regions occur
in South East Asia (see Sect. 4.3, Fig. 5b and d). Anthropogenic water use is (in total
numbers) around 100 km3 yr−1 higher in calibrated areas compared to non-calibrated
regions. The WFD forcing leads to much higher Q in the non-calibrated area (Table 2)10

than the other forcings, consistent with the relatively low incoming shortwave radiation
which results in a comparable low AET. The deviation of WCa among all forcing vari-
ants are with 5.9 % in calibration basins higher than in non-calibration basins (4.4 %)
(Table 2).

As Q is forced to be nearly equal within the calibration region, different amount of P15

is reflected in large differences of AET, in particular in calibration regions (with higher
absolute values than P differs, or 12.2 %). In contrast, AET differs by 8.8 % (and lower
absolute amount than P ) in non-calibration regions (both numbers for all forcings).
PGFv2 has the lowest global AET but the highest WCa of all five forcings (Table 1),
even though WCa includes mainly evaporation of irrigation water that is driven by the20

same climatic variables as AET. This reflects the variations in the spatial pattern of the
climatic variables among the five forcing data sets.

3.3 Continental water balance components

Table 3 presents the continental values of P , AET, Q, and WCa as computed by
the four homogeneous forcing variants (GSWP3, PGFv2, WFD, WFDEI_hom). Both25

the ensemble mean and the percent deviation among the forcing variants (min and
max in % of mean) are shown. Deviations in P are mainly due to PGFv2 that uses
CRU TS3.21 observation-based data for bias correction and no undercatch correction,

17
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while the other forcings use GPCC data and two types of undercatch correction. For
P , Oceania (with the lowest absolute value) has the lowest deviation among the forc-
ings. The largest deviations are found in North America, Europe, and Africa. In North
America and Europe, where the station density is reasonable high and GPCC versions
agree very well (Table 4), the different approaches to undercatch correction in the forc-5

ings (after Adam and Lettenmaier (2003) for WFD and WFDEI and using gauge type
corrections (Hirabayashi et al., 2008) for GSWP3), or neglecting undercatch adjust-
ment (PGFv2) leads to the large deviations of WaterGAP outputs. The AET deviation
follows the P deviation. For Q, deviation among forcings is highest in Africa. Here, some
areas with high amounts of P (and Q) are in non-calibration regions (e.g. Madagascar,10

see Fig. 5). Besides, the runoff coefficient (Q/P ) of Africa is with 0.21 the lowest of
all continents; for the other continents it varies between 0.34 (Oceania) and 0.47 (Eu-
rope). A low runoff coefficient leads to the translation of a small precipitation deviation
(in percent of mean) to a relatively large discharge deviation, as can also be seen for
Oceania (Table 3). The largest amount of water resources is calculated in South Amer-15

ica followed by Asia. The highest WCa value and the lowest relative deviation can be
found in Asia; the low deviation might be explained by averaging out differences in grid
cell values due to the climate forcings over the large number of grid cells in Asia with
irrigation water use. Overall, highest relative global uncertainty due to climate forcing
was identified for AET.20

3.4 Drivers of change in 30 year average river discharge

Figure 3 shows where the change of long-term average Q between the time period
1941–1970 and the time period 1971–2000 is either more likely due to the change of
P in the upstream river basin (blue colours) or more likely due to the change of the an-
thropogenic impact on Q by human water use and dam construction (red colours, see25

Sect. 2.4.2). Results for WaterGAP as driven by each of the four homogeneous climate
forcings GSWP3, PGFv2, WFD and WFDEI_hom are shown. In most regions, changes
in P is the more important driver of changes in Q than changes of the anthropogenic

18
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impact. On the other hand, in areas with remarkable water consumption, human wa-
ter use or/and the construction of dams lead to a relative dominance of such effects
(compared to P ). Note that the developed indicators only compare the relevance of two
drivers of change. In the blue and red grid cells, other drivers such as T or radiation
could be even stronger drivers of the simulated change in Q. However, in those regions5

where indicators An and Bn are both negative (green colours), other drivers (and not P
or anthropogenic effects) are the main reason for changes in Q.

Changes in long-term average Q between the time periods 1911–1940 and 1941–
1970 are, in most world regions, less dominated by changes in the anthropogenic im-
pact on river discharge (Fig. 4). This is consistent with the accelerating human water10

use and dam construction throughout the 20th century (Fig. 2). In the earlier analysis
period, most occurrences of anthropogenic domination of changes in Q are restricted
to North America and Asia (around the North China Plain and inflows to the Caspian
Sea). It is only in the later analysis period that anthropogenic impact dominates over P
impact in India, Southeast China, Spain and Turkey (compare Figs. 3 and 4).15

The fraction of land area among the forcings where Q changes are dominantly due
to human water use and dam construction is 10–13 % for the period 1911–1940/1941–
1970 and increases to 13–20 % in the later period. P domination increases also (from
53–54 to 58–65 %) but at the same time, areas which cannot be calculated decrease
from ∼30 to ∼20 %. Fractions where both, P and human water use is not the dominant20

driver, are in both time periods around 4 %.

4 Discussion

4.1 Comparison of simulated water balance components to previous estimates

The simulated global water balance components AET and Q are within the range
of estimates reported in the literature (see values in Müller Schmied et al. (2014),25

their Table 5). Values for AET of this study (63 500–70 000 km3 yr−1) are within this

19
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range. Global values for Q (39 200–42 200 km3 yr−1) are at the upper level of val-
ues from literature. Compared to the STANDARD WaterGAP2.2 model variant driven
by WFD_WFDEI (Müller Schmied et al. (2014), their Table 2, hereafter referred to
as STANDARD), global P equals to the WFD_WFDEI forcing used here (Table 1).
The data basis for P is the same, and the additional grid cells of the WATCH-CRU5

land-ocean mask (global, and including Greenland, with 134.6 million km2, comp. to
134.5 million km2 for STANDARD) with many additional (tropical) and mostly small is-
lands as well as coastal cells used here, does not influence global P remarkably. WCa
is with 936 km3 yr−1 lower in this study (compared to 1031 km3 yr−1 in STANDARD)
due to the assumed deficit irrigation (Sect. 2.1). This also explains the smaller deple-10

tion of total water storages in this study (−215 km3 yr−1 in STANDARD, −74 km3 yr−1 in
this study). Groundwater storage change of STANDARD was −125 km3 yr−1 compared
to −75 km3 yr−1 with WFD_WFDEI in this study. In addition, due to filling up storages
when operation year for individual reservoirs are reached in the model version used
here, change in reservoir storage is positive (53 km3 yr−1) compared to −43 km3 yr−1

15

in STANDARD, where all reservoirs were assumed to be in operation over the entire
simulation period. Global AET and Q are comparable and differ only by around 1 %
between both studies.

4.2 What is the variation of estimated global water balance components for
different temporal aggregations: year, decade, 30 years and century?20

To assess the importance of the choice of time period and temporal aggregation of
particular water balance components or climatic variables, value ranges (max–min)
and percentual change of this range were computed. The smaller the range, the less
important is the choice. For the water balance components AET, Q and P , the range of
values is reduced by 55–70 % when moving from 1 to 10 year; by 40–54 % when mov-25

ing from 10 to 30 year and by 73–83 % when moving from 1 to 30 year temporal aggre-
gation scale. The highest range for annual aggregation occurs for Q and WFD_WFDEI
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(12 500 km3 yr−1), which is higher than P and AET (both 11 000 km3 yr−1). For 30 year
aggregates of AET and Q, WFD has the lowest and WFD_WFDEI the highest range.
Homogenization of WFD and WFDEI (comparing WFD_WFDEI and WFDEI_hom) re-
duces the range in percent for 1, 10 and 30 years and AET (Q) by 35, 54, 55 (31, 62,
64), which is then close to the ranges of the other forcing variants. Due to the strong5

trend in WCa, differences in range between 1 and 10 year are comparable among the
model variants (5–15 % difference) but higher when going from 10 to 30 years (25–
38 %).

The T ranges are 1.5 ◦C (1 year), 1.1 ◦C (10 years) and 0.4 ◦C (30 years). The ranges
of the radiation variables SWD, LWD, and net radiation are comparable among all forc-10

ings (reduction of 44–49 % when going from 1 to 10 years, 46–55 % from 10 to 30 years
and 69–77 % from 1 to 30 years).

This analysis supports, that when assessing water balance with small trends (e.g. P ,
Q, AET), temporal aggregation of 30 years are meaningful for comparisons among
models and/or climate forcings. For variables with strong trends (e.g. WCa, T ), a rea-15

sonable temporal aggregation is the 10 year period, as this is a trade-off between
keeping fluctuations but not balancing trends out.

4.3 What is the impact of climate forcing uncertainty on water balance
components at global, continental and grid cell scale?

If precipitation and radiation data differ among state-of-the-art climate forcings as20

strong as in the forcings used here, the effect of choosing a climate forcing can be more
important than the selection of the time aggregation. Uncertainty in global-scale P esti-
mates is caused by different reanalysis products used, different observation-based bias
correction methods/data-sets, and different approaches for undercatch adjustment. Un-
expectedly, the largest differences among the forcings occur in data-rich continents25

(Europe, North America). For global Q, differences of up to 3000 km3 yr−1 can occur
(1971–2000). Most climate forcing-induced variation in continental Q occurs in Africa.
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Calibration reduces Q variations significantly at continental and global scales. AET has
large uncertainties/variability both at global and continental scale (esp. in Europe and
North America). As AET is not directly calibrated (but water balance is closed and thus
influenced by calibration), this is related to the differences in climatic variables. Dif-
ferences in WCa are, in absolute numbers, comparably low at global scale but differ5

largely among the continents. For Asia, the continent with the highest water use, varia-
tion among the model variants is very low, indicating good agreement of climate forcing
for the irrigation sub-model. Again, Europe and North America have high uncertainties
in continental assessments due to climate forcing uncertainty/variability.

The low global values for SWD in WFD forcing leads to less AET and higher Q10

(2000 km3 yr−1) compared to the homogenized forcing WFDEI_hom. As the calibration
approach of WaterGAP forces the simulated long term averaged annual Q to match the
observed one, higher calibration parameters (esp. area and station correction factors,
see Müller Schmied et al. (2014) for calibration details) were needed with WFD forcing.
For non-calibrated regions (Table 2) as well for GHMs which do not use a calibration15

scheme, water resources are likely to be overestimated when using WFD forcing. The
low SWD in WFD can also be interpreted as one reason of the high absolute values of
Q in Haddeland et al. (2011) (42 000–66 000 km3 yr−1) compared to previous estimates
(e.g. Fekete, 2002) or values from this study.

Figure 5 shows the range of Q at grid cell level in km3 yr−1 for calibration and non-20

calibration regions. In calibration regions, most differences occur in coastal regions at
the equator (where generally high water resources are simulated) and upstream moun-
tainous areas, where runoff is high and forcing data sets are likely to vary more strongly
than elsewhere (Fig. 5a). In non-calibrated regions, Q varies strongly among the forc-
ing variants in particular in coastal cells in South East Asia (mainly Indonesia, Borneo25

and Papua New Guinea) and around the Bay of Bengal (Fig. 5b). Average deviation
of Q on grid cell level are equal in calibrated regions and non-calibrated regions with
about 0.27 km3 yr−1.
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The precipitation undercatch adjustment method (if applied at all) strongly impacts
water resources components. Again, for calibration regions, Q is nearly equal (except
probably regional differences between CRU and GPCC precipitation pattern), but AET
differs largely. For non-calibration regions, Q is clearly lower (1500 km3 yr−1) when
precipitation undercatch is not considered (PGFv2 comp. to WFDEI_hom, Table 2).5

Considering or neglecting P undercatch affects therefore global scale water resources
assessments in the same order of magnitude than using climate forcing with e.g. com-
parable low radiation input (WFD).

4.4 What determines variations of long-term average river discharge between
consecutive 30 year periods more strongly – either change of precipitation10

or change of human water use and dam construction creating reservoirs
and regulated lakes?

For most areas of the globe, changes in long-term average river discharge between
two consecutive 30 year periods (t1: 1911–1940, t2: 1941–1970, t3: 1971–2000) were
driven more strongly by changes in P than by changes in human water use and15

dam construction. The fraction of global land area where changes in Q is driven
more strongly by the latter anthropogenic drivers increases with time, indicating an
acceleration of the human impact around 1970 compared to 1940. Taking India and
GSWP3 forcing as example, P increases for all time steps (t1–t2: +49 km3 yr−1,
t2–t3: +30 km3 yr−1), while Q (+9 km3 yr−1) and WCa (+26 km3 yr−1) increases be-20

tween t1 and t2, whereas Q (−39 km3 yr−1) decreases between t2 and t3 and WCa
(+81 km3 yr−1) increases stronger than between t1 and t2. In India, the intensified wa-
ter use and changed signs between P and Q lead to the indication that anthropogenic
effects dominates the change in Q (comp. Figs. 3 and 4). The effects of human water
use and dam construction to Q variations cannot be distinguished by those indicators.25

While dam construction leading to new reservoirs decreases long-term average Q, hu-
man water consumption is expected to be more important in most grid cells.
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The four climate forcings used to compute the dominance indicator Ivarprecdom affect
the spatial pattern of the dominance indicators. For example, with the forcings based on
ECMWF reanalyses (WFD, WFDEI_hom, Fig. 3c–d), large parts in southeast Australia
are driven by anthropogenic effects which is not (PGFv2, Fig. 3b) or less (GSWP3,
Fig. 3a) the case for the forcings based on NCEP reanalyses. For WFD, the anthro-5

pogenic dominance is considerably higher in Mexico (Fig. 3). If using PGFv2 forcing,
the area around the North China Plain is dominated by P whereas in the other forcings
it is dominated by anthropogenic effects (Fig. 4). Even if mean global values, e.g. for P
and Q, compare well (Fig. 2, Table 1), regional differences in the climate forcings (and
underlain reanalysis) result in these different spatial patterns of model output (e.g. Q).10

5 Conclusions

This study presents a model-based assessment of water balance components on dif-
ferent temporal and spatial scales. The GHM WaterGAP was forced with four (plus one
homogenized) state-of-the-art climate forcings. The study underlined that the level of
temporal aggregation of water balance components is of importance, such that for com-15

parison purposes, the same temporal aggregation and identical time periods should
be used. For variables that (until now) show a small trend only (like P and Q), the
widely used 30 year aggregation period appears to be useful for comparison purposes,
while variables showing a stronger trend such as T and WCa, decadal aggregation
appear to be more appropriate. Of great importance is the choice of the climate forc-20

ing. Differences in water balance components are high, reflecting the uncertainty of
underlain meteorological data and interpolation methods. Homogenization of climate
forcing is required when generating time series of meteorological variables from differ-
ent sources, as is the case if WFD and WFDEI are combined to cover the time period
since 1901 until recent times.25

At grid cell, continental and global scales, most of the differences in Q among forc-
ings occur in areas where WaterGAP cannot be calibrated due to a lack of information

24

http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-527
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
doi:10.5194/hess-2015-527

Variations of global
and continental water
balance components

H. Müller Schmied et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

in the GRDC database (esp. South East Asia). Uncertainty of long-term average Q ag-
gregated over all uncalibrated areas for the homogeneous forcings (GSWP3, PGFv2,
WFD, WFDEI_hom) was 18.5 % for the period 1971–2000 but only 1.6 % for the cali-
brated areas. This supports the many calls for improving the situation of in-situ Q obser-
vations (e.g. Fekete et al., 2015) and sharing the already available Q data (e.g. Hannah5

et al., 2011). Satellite observations can help to constrain the global water balance as-
sessment (Rodell et al., 2015; Tang et al., 2009), but even if the Surface Water and
Ocean Topography (SWOT) proposes discharge observations for river widths>50 m
and could thus improve spatial data coverage, satellite observation used to derive Q
strongly rely on in-situ gauge measurements (Pavelsky et al., 2014).10

Humanity affects the global water cycle. In global numbers for water consumption,
the influence is comparably low (Table 1). But at regional (grid cell) level, human water
use and dam construction can be more important for changes in Q than P (Figs. 3
and 4). However, in this study only the influence on long-term averaged discharge
was analysed, not taking into account seasonal impacts e.g. due to reservoir operation15

(Adam et al., 2007; Döll et al., 2009).
For future water resources modelling studies (see also Döll et al., 2015), the impact

of the uncertainty of meteorological variables should be considered by applying vari-
ous (equally) plausible climate forcings. Using more than one GHM may add additional
robustness. Such model intercomparison projects are currently on the way (e.g. ISI-20

MIP 2.1) or are already finished (e.g. WATCH water model intercomparison; Haddeland
et al., 2011, ISI-MIP Fast Track; Schewe et al., 2014). They may improve the quantifi-
cation of the world’s water resources and guide investigation of various sources of
uncertainty. Finally, the assessment of global water resources can be improved when
existing high-quality Q data are made available and currently ungauged basins are25

instrumented (Fekete et al., 2015). In addition, determination of Q from satellite obser-
vations could help in the future, but would still require in-situ data.
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Data availability

The WaterGAP output will become freely available for the public within the
framework of the ISI-MIP project phase 2.1 but it is not yet clarified where
the data will be hosted (please check https://www.pik-potsdam.de/research/
climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip/5

for-modellers/isi-mip-phase-2 for updates). The homogenized climate forcing
WFDEI_hom is not included within the ISI-MIP 2.1a project. All model outputs used in
this study are available on request from the corresponding author.
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Table 1. Global sums of water balance components for land area (except Antarctica and Green-
land) [km3 yr−1] (same sorting as Table 2 in Müller Schmied et al., 2014) for the five model vari-
ants and the years 1971–2000. Cells representing inland sinks were excluded but discharge
into inland sinks was included.

No. Component GSWP3 PGFv2 WFD WFDEI_hom WFD_WFDEI

1 Precipitation P 109 631 103 525 110 690 111 050 111 050
2 Actual evapotranspiration AETa 68 026 63 415 67 588 69 907 68 887
3 Discharge into oceans and inland sinks Qb 40 678 39 173 42 200 40 216 41 298
4 Water consumption (actual) (rows 5+6) WCa 933 960 915 949 932
5 Net abstraction from surface water (actual)c 1050 1071 1026 1070 1044
6 Net abstraction from groundwaterd −117 −111 −108 −121 −112
7 Change of total water storage dS/dte −14 −29 −20 −25 −74
8 Long-term-averaged yearly volume balance error 6 6 7 6 6

(P −AET−Q−WCa−dS/dt)
a AET does not include evapotranspiration caused by human water use, i.e. actual water consumption WCa; b taking into account anthropogenic water
use; c satisfied demand from surface waters; d negative values indicate that return flows from irrigation with surface water exceed groundwater
abstractions; e total water storage (TWS) of 31 December 2000 minus TWS of 31 December 1970, divided by the number of 30 years.
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Table 2. Global sums of water balance components for land area [km3 yr−1] (except Antarctica,
Greenland, and inland sinks) (row numbers of components as in Table 1) for the model variants
and the years 1971–2000, divided in calibrated and non-calibrated grid cells.

Calibration regions Non-calibration regions

No. GSWP3 PGFv2 WFD WFDEI_hom WFD_WFDEI GSWP3 PGFv2 WFD WFDEI_hom WFD_WFDEI

1 66 825 63 290 68 039 68 288 68 288 42 806 40 235 42 651 42 762 42 762
2 43 996 40 112 45 232 45 482 44 903 24 031 23 303 22 356 24 425 23 984
3 22 291 22 619 22 286 22 269 22 893 18 388 16 554 19 915 17 944 18 405
4 523 546 515 531 523 411 414 400 418 410
5 582 598 572 594 581 468 473 451 476 463
6 −59 −52 −58 −62 −59 −57 −59 −50 −58 −53
7 18 15 9 9 −28 −32 −44 −29 −33 −46
8 −3 −3 −2 −3 −2 9 8 9 8 8
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Table 3. Continental ensemble-mean water balance components [km3 yr−1] and min/max de-
viation from mean (in %) over all four homogenous forcing variants (GSWP3, PGFv2, WFD,
WFDEI_hom), for six continental regions and the global total, and water balance components P ,
AET, Q, and WCa (1971–2000).

P AET Q WCa

Region Mean ∆min ∆max Mean ∆min ∆max Mean ∆min ∆max Mean ∆min ∆max

Africa 20 457 −5.6 3.9 16 194 −5.5 4.7 4183 −5.9 10.9 71 −5.9 2.5
Asia 24 501 −3.0 2.6 13 506 −4.0 3.7 10 276 −3.6 4.4 612 −1.0 1.7
Europe 13 026 −7.0 3.7 6942 −8.7 3.7 6138 −5.0 4.0 87 −8.5 3.6
NAmerica 16 177 −6.9 3.7 9573 −8.0 5.4 6507 −5.4 3.8 121 −5.3 5.7
Oceania 5939 −2.4 1.9 3887 −3.0 3.2 2033 −3.4 5.0 16 −2.8 2.5
SAmerica 28 623 −4.0 2.1 17 132 −5.2 3.4 11 428 −2.2 2.5 32 −2.8 2.8

Global 108 724 −4.8 2.1 67 234 −5.7 4.0 40 566 −3.4 4.0 939 −2.6 2.2
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Table 4. Density of precipitation gauging stations and P sums [km3 yr−1] for 1971–2000 of the
original P data that were used for bias correction (WFD: GPCCv4, WFDEI: GPCCv5, GSWP3:
GPCCv6, PGFv2: CRU TS3.21) and P outputs of WaterGAP using the undercatch adjusted
forcings (except PGFv2 which is not adjusted).

Variable Continent Africa Asia Europe NAmerica Oceania SAmerica Global

Stations per CRU TS3.21 0.12 0.09 0.06 0.12 0.17 0.06 0.09
0.5◦ grid GPCCv4 0.30 0.23 0.61 0.32 1.05 0.61 0.44
cell GPCCv5 0.31 0.30 0.66 0.54 1.82 0.63 0.57

GPCCv6 0.31 0.32 0.68 0.60 1.85 0.71 0.60

P totals CRU TS3.21 19 595 24 040 12 128 15 160 5958 27 611 104 492
(without GPCCv4 19 745 24 062 11 858 15 073 5732 28 135 104 605
undercatch GPCCv5 19 729 24 044 11 852 15 095 5688 28 201 104 610
correction) GPCCv6 19 724 24 066 11 861 15 116 5694 28 085 104 546

P totals PGFv2 19 318 23 756 12 112 15 065 5799 27 475 103 525
(WaterGAP) WFD 21 102 24 519 13 232 16 732 5960 29 146 110 690

WFDEI_hom 21 250 24 597 13 256 16 779 5945 29 223 111 050
GSWP3 20 160 25 133 13 505 16 131 6053 28 649 109 631
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Figure 1. Global land area affected by WaterGAP 2.2 (ISI-MIP 2.1) calibration (grey shading)
against observed long-term average river discharge. Streamflow directions and flow accumu-
lation are based on the drainage direction map DDM30 with 0.5◦ resolution (Döll and Lehner,
2002).
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Figure 2. Global sums (means) of climatic variables and water balance components
for five climate forcings (GSWP3: 1901–2010, PGFv2: 1901–2012, WFD: 1901–2001,
WFDEI_hom: 1901–2010, WFD_WFDEI: 1901–2010) for different temporal aggregation pe-
riods of 1, 10, 30, and 100 years. Displayed are: temperature (T ), shortwave downward radia-
tion (SWD), longwave downward radiation (LWD), precipitation (P ), discharge into the ocean or
inland sinks (Q), actual evapotranspiration (AET) and (actual) water consumption from surface
water resources (which could be smaller than the demand, depending on water availability) and
groundwater resources (WCa).
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Figure 3. Relative dominance of determinants of change in long-term average Q between
1941–1970 and 1971–2000. Blue indicates that change in P is more dominant than the anthro-
pogenic impact due to water abstraction and dam construction, red indicates the opposite. In
green areas, other drivers are dominant. In grey areas a calculation is not possible as the de-
nominator of indicators An and/or Bn (see Sect. 2.4.2) is zero. Results are shown for WaterGAP
as driven by the meteorological forcings GSWP3 (a), PGFv2 (b), WFD (c) and WFDEI_hom (d).
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Figure 4. Relative dominance of determinants of change in long-term average Q between
1911–1940 and 1941–1970. Blue indicates that change in P is more dominant than the anthro-
pogenic impact due to water abstraction and dam construction, red indicates the opposite. In
green areas, other drivers are dominant. In grey areas a calculation is not possible as the de-
nominator of indicators An and/or Bn (see Sect. 2.4.2) is zero. Results are shown for WaterGAP
as driven by the meteorological forcings GSWP3 (a), PGFv2 (b), WFD (c) and WFDEI_hom (d).
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Figure 5. Maximum difference of long term averaged (1971–2000) Q among the four ho-
mogeneous climate forcings (GSWP3, PGFv2, WFD, WFDEI_hom), expressed as devia-
tion [km3 yr−1] (a, b) and relative deviation (c, d) separately for calibration (a, c) and non-
calibration (b, d) regions. Grey areas contain either no discharge or are outside the region of
interest, i.e. non-calibration areas are grey in (a) and (c) and vice versa.
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