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Abstract: Humans have strongly impacted the global water cycle, not only water flows but also water
storage. We have performed a first global-scale analysis of the impact of water withdrawals on water
storage variations, using the global water resources and use model WaterGAP. This required
estimation of fractions of total water withdrawals from groundwater, considering five water use
sectors. According to our assessment, the source of 35% of the water withdrawn worldwide (4300
km3/yr during 1998-2002) is groundwater. Groundwater contributes 42%, 36% and 27% of water
used for irrigation, households and manufacturing, respectively, while we assume that only surface
water is used for livestock and for cooling of thermal power plants. Consumptive water use was 1400
km3/yr during 1998-2002. It is the sum of the net abstraction of 250 km3/yr of groundwater (taking
into account evapotranspiration and return flows of withdrawn surface water and groundwater) and
the net abstraction of 1150 km3/yr of surface water. Computed net abstractions indicate, for the first
time at the global scale, where and when human water withdrawals decrease or increase groundwater
or surface water storage. In regions with extensive surface water irrigation, such as Southern China,
net abstractions from groundwater are negative, i.e. groundwater is recharged by irrigation. The
opposite is true for areas dominated by groundwater irrigation, such as in the High Plains aquifer of
the central USA, where net abstraction of surface water is negative because return flow of withdrawn
groundwater recharges the surface water compartments. In intensively irrigated areas, the amplitude
of seasonal total water storage variations is generally increased due to human water use; however, in
some areas, it is decreased. For the High Plains aquifer and the whole Mississippi basin, modeled
groundwater and total water storage variations were compared with estimates of groundwater storage
variations based on groundwater table observations, and with estimates of total water storage
variations from the GRACE satellites mission. Due to the difficulty in estimating area-averaged seasonal
groundwater storage variations from point observations of groundwater levels, it is uncertain whether
WaterGAP underestimates actual variations or not. We conclude that WaterGAP possibly
overestimates water withdrawals in the High Plains aquifer where impact of human water use on
water storage is readily discernible based on WaterGAP calculations and groundwater observations.
No final conclusion can be drawn regarding the possibility of monitoring water withdrawals in the
High Plains aquifer using GRACE. For the less intensively irrigated Mississippi basin, observed and
modeled seasonal groundwater storage reveals a discernible impact of water withdrawals in the basin,



but this is not the case for total water storage such that water withdrawals at the scale of the whole
Mississippi basin cannot be monitored by GRACE.
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Response to Guest Editor and reviewer comments

Guest Editor

As identified by both reviewers to which | agree, the manuscript is well written and does not
need improvements with respect to structure and formal aspects. With repsect to the distinct
suggestions, | advise the authors aspecially to consider the aspects stated by Reviewer 1 (R1),
and lay down in a rebuttal letter, how you considered the recommandations. You should
discuss in more detail how the percentages in Table 1 are estimated.

Response: The paragraph on computing water use (total from surface waters and
groundwater) has been extended and placed earlier in section 2.1. It now reads:

“ Modeling of water use refers to the computation of water withdrawals and consumptive
water uses (the part of the withdrawn water that evapotranspirates during use) in each grid
cell. The modeling approaches differ appreciably among the five water use sectors.
Consumptive irrigation water use is computed by the Global Irrigation Model GIM as a
function of irrigated area (Siebert et al., 2005; Siebert et al., 2006) and climate in each grid
cell. Regarding crops, only rice and non-rice-crops are distinguished, and crop growth periods
are not prescribed but modeled. Water withdrawals are calculated by dividing consumptive
use by a country-specific irrigation water use efficiency (Doll and Siebert, 2002). The
compilation of a time series of irrigated area per country during the last century (Freydank
and Siebert, 2008, updated) allows considering the changing impact of irrigation. Livestock
water use is calculated as a function of the numbers and water requirements of different
livestock types. Cooling water use takes into account the location of more than 60,000 power
plants, their cooling type and their electricity production (Vassolo and Ddll, 2005). Grid cell
values of domestic and manufacturing water use are based on national values that are
downscaled to the grid cells using population density. The temporal development of
household water use since 1960 is modeled as a function of technological and structural
change (the latter as a function of GDP), taking into population change (VoR et al., 2009). The
temporal development of manufacturing and thermal power water use since 1900 is modeled
also as a function of structural and technological change, with national manufacturing output
(for manufacturing water use) and national electricity output (for thermal power plant use)
being the drivers of water use (VoR and Florke, 2010). Time series of monthly values of
irrigation water use are computed, while all other uses are assumed to be constant throughout
the year and to only vary from year to year.*

The caption of Table 1 which just read ,,Global water use during the period 1998-2002* has
been extended in the revised version:

“Table 1. Global water use during the period 1998-2002. Total water withdrawals and
consumptive water use were computed by the five sectoral water use models of WGHM



(section 2.1). The new groundwater fractions were derived as described in section 2.2., the
Appendix and Siebert et al. (2010).”

We think the Appendix (for domestic and manufacturing water use) and Siebert et al. (2010)
(for irrigation) provides detailed information on the derivation of the groundwater fractions.

Reviewer #1

This paper attempts to study the impact of water withdrawals from groundwater and surface
water on continental water storage. To this goal, the WaterGAP model represents empirically
both the irrigation and the groundwater processes. The model is also evaluated

against GRACE total water storage (TWS) variations. This study has certainly required an
important effort and | congratulate the authors for that. The paper is interesting, well written,
and could be potentially attractive for land surface climatologist community with some
important improvement. Indeed, the model evaluation remains superficial and then the
conclusions may appear non-robust. | therefore recommend some major reviews.

The first is very minor. In the manuscript, "validation” should be "evaluation™. There is no
validation of some physical processes but only the evaluation of an empirical hydrological
model.

Response: The term ,,validation” was replaced by ,,evaluation (also the verb ,,validate)

The second concern the section 3. The model must be evaluated more in depth (see next
recommendation) and this evaluation must be shown before the global results.

The most important is linked to the evaluation procedure of WaterGAP. The only comparison
of the model results to GRACE TWS estimations does not constitute a strong and sufficient
constraint. GRACE can only give a superficial evaluation given its original very low
resolution and its intrinsic uncertainties that some authors of this paper know very well. In
the introduction authors say that "hydrological models can be calibrated (Werth and
Guntner, 2010; Lo et al., 2010) and validated using GRACE data (Alkama et al., 2010)." But
the conclusion of Alkama et al (2010) is that GRACE can consolidate a former evaluation
based on river discharge observations but the low-resolution, limited accuracy, and river
contamination of the GRACE-derived TWS variations can limit a clear detection

and attribution of model deficiencies. In other words, without a clear comparison with river
discharge observations, a model evaluation only performed against GRACE data is not
required. In this paper the reader can believe in the presented results and conclusions
("According to our assessment, the source of 35% of the water withdrawn worldwide (4300
km334 /yr during 1998-2000) is groundwater .") or not. Without a clear model evaluation, the
presented results remain suspicious. So, | recommend to perform an additional evaluation of
these results by using the comparison of simulated to observed river discharges, both over the
Mississippi basin and at the global scale. A global comparison with GRACE data could be
interesting. This recommendation will be not difficult to do in regards of the study of Alcamo
et al. (2003). Only 3 or 4 additional figures are then required. The goal is to show if the
presented modeling is robust or not. To sum up, without a more in depth model evaluation,
the presented conclusions may appear nonrobust. The original paper is not very long

and then can be improved without difficulties.

Response: We disagree with the reviewer that modeling results were only evaluated against
GRACE total water storage. We also evaluated modeled groundwater storage against
estimates of groundwater storage derived from measured groundwater table elevations. This is



innovative, and it is adequate for this paper that has the title “Impact of water withdrawals
from groundwater and surface water on continental water storage variations” (and not on river
discharge). However, Comparison to observed groundwater level can only be done for very
few regions due to data availability.

That this comparison to observed groundwater levels really is at the center of our evaluation is
reflected by the fact that three of the coauthors are authors of these observation-based
estimates (Gil Strassberg, Bridget Scanlon and Matthew Rodell). As the goal of the validation
Is to test the new ability of WGHM to 1) estimate groundwater and surface water withdrawals
separately, and 2) to then simulate the impact of these differentiated withdrawals on water
flows and storages, the most appropriate comparison is against groundwater storage in areas
with significant groundwater withdrawals. Groundwater storage shows the impact of
withdrawals in a more direct way than river discharge. River discharge is the results of more
processes than groundwater storage and more difficult to interpret with respect to withdrawals
as it integrates over the whole upstream basin and is, for example, affected by the not well
known management of surface reservoirs.

We cannot currently perform a thorough evaluation of the impact of water withdrawals from
groundwater and surface water on river discharge. This would be very complex and time
consuming. Previous versions of WGHM in which it was assumed that all water withdrawals
are taken from surface water have been extensively evaluated against observed river discharge
(Dall et al., 2003, Hunger and Dall, 2008). In the revised version, this is now more clearly
indicated by adding to the second paragraph of section 2.1 the following sentence:

“WaterGAP was evaluated mainly by comparing simulated river discharge to observed flow
regime characteristics like seasonality and statistical monthly low and high flows (Déll et al.,
2003; Hunger and Doll, 2008; Dol et al., 2009).”

Besides, there do not exist any measurement data to compare our global scale estimates of
groundwater and surface water withdrawals and of net abstractions from groundwater and
surface water (Table 1). An evaluation of the quality of our work can just be done by critically
assessing the approach we have chosen to combine the highly uncertain statistical data that do
exist with our modeling in particular of irrigation water requirements. In the future, we hope
to further evaluate the capabilities of WGHM by a comparison of modeled groundwater
depletion against GRACE estimates (as already mentioned in the conclusions of the original
version of the manuscript), and we added at-as the last sentence of the text:

“Furthermore, analyses of the impact of water withdrawals from groundwater and surface
water on river discharge are planned for the future.”

Reviewer #2

This manuscript deals with the estimation and impact of water withdrawals (from both
groundwater and surface water) on the terrestrial water storage variations at the global
scale. The authors concluded that during 1998-2002, 35% of the water withdrawn worldwide
was from groundwater. Groundwater contributes 42%, 36% and 27% of the water used for
irrigation, households and manufacturing, respectively. Although the authors also reported
that the validation via the comparison with groundwater depth measurements and satellite
GRACE data in the High Plains aquifer as well as in the Mississippi basins are not
satisfactorily, I believe this will not reduce the value of this paper at all since as the Authors



correctly pointed out, there are other complicating factors (e.g. scale: point vs. grid-based,
location and quality of measurements, or some unrepresented mechanisms in the model, etc)
involved which make a fair comparison rather difficult.

| am familiar with recent and earlier publications on the global-scale water resources
models. To my knowledge, there is no any work published before which attempted to deal with
the representation of groundwater pumping and estimate its usage in both land surface
models and water resources model. Indeed, as advertised, this manuscript “presents
innovative research regarding the distribution of freshwater on the continents. It provides the
first global-scale estimation of surface water and groundwater withdrawals and shows, for
the first time, where human water use leads to positive or negative net abstractions from
groundwater and surface water”. I am fully convinced after careful review of their
manuscript.

In conclusion, | found this manuscript is excellent; and it has made multiple novel
contributions with great scientific significance, particularly given its originality of research
ideas and results. | recommend the publication of this manuscript after minor revisions.

Just out of my curiosity, one question for the authors —

This study concluded that “Consumptive water use (the part of the withdraw water that
evapotranspires during use) ~ groundwater withdrawls ~ 1400 km3/year”

Would it be any possibility that this (coincidence?) was due to the model’s water balance
constraint?

Response: No, it cannot be related to a water balance constraint, as both estimates are derived
independently of the water balance done in WGHM, i.e. before the water balance is

computed.

Minor Comments:

The quality of this manuscript is very good, bit the following comments may deserve to be

consider by the Authors:
1. P.2, Line 16, change “...quantification not only of continental freshwater” into

”»

“..quantification of not only continental freshwater..”.
Response: done
2. P. 2, line 20, delete “of”.
Response: done
3. P. 2, line 27, Authors can consider to cite the following early reference:
Swenson, S. C., Yeh P. J. —F., Wahr J. and Famiglietti J. S. (2006). A comparison of
terrestrial water storage variations from GRACE with in situ measurements from
Illinois, Geophys. Res. Lett., 33, L16401, doi:10.1029/2006GL026962

Response: not included as rather similar to the next reference that is more informative.

4. P. 2, line 29, Authors can consider to cite the following early reference:



Yeh, P. J.-F., Famiglietti J. S., Swenson S. and Rodell M. (2006). Remote sensing of
groundwater storage changes using Gravity Recovery and Climate Experiment
(GRACE), Water Resour. Res., 42, W12203, doi:10.1029/2006 WR005374.

Response: done

5. P. 4, lines 12-13, how important is the focused recharge? Can the Authors give a brief
comment on this?

Reponse: The sentence has been extended to give a judgement of the importance. It now
reads:

“Focused groundwater recharge from rivers, lakes and wetlands is not taken into account even
though these flows may be important in particular in semi-arid and arid regions.”

6. P. 4, lines 21-23, here the explanation is very difficult to understand, need to elaborate
here.

Response: The wording

“If surface water storage was insufficient on any day, water demand could be satisfied up to
one year later. This implicitly mimicked water withdrawals from shallow groundwater that
can be withdrawn even if surface waters have run dry.”

has been replaced by

“If surface water storage in a grid cell, on any day, was less than consumptive use (or rather
requirement), the unsatisfied use was taken out of storage of the neighboring cell (but not the
upstream cells) with the largest river, reservoir and lake storage. If, after the subtraction of the
water stored in the neighboring cell, still not the full consumptive water use was satisfied, the
remaining consumptive water requirement was remembered by the model, and it was tested
whether the remaining consumptive water use could be taken out of surface storage the next
day (in addition to the consumptive use of the next day). Any non-satisfied consumptive water
use was remembered for one year, and then neglected. Allowing such delayed satisfaction of
consumptive water use (or rather requirement) implicitly mimicked water withdrawals from
shallow groundwater that can be withdrawn even if surface water has run dry, and also was
intended to account for the fact that WGHM cannot model reservoir operation perfectly.”

7. P.5, line 51, what is “AEI”, seems like not explained.
Response: Replaced by “area equipped for irrigation®.
8. P. 6, line 35, here the Authors can consider to cite the following early reference (see their
Figure 12b as an observational basis for this assumption):
Eltahir, E.A.B, and , P. J.-F. Yeh, 1999: On the asymmetric response of aquifer water
level to droughts and floods in Illinois. Water Resources Research, 35 (4), 1199-1217

Response: done, we added to the first paragraph of section 2.1



“(for observational evidence of the resulting exponential relation between groundwater
outflow and storage, see Fig. 12 b of Eltahir and Yeh, 1999).”

9. P.7,line 17-20, here the explanations are very unclear, suggest to re-write.

Response: The sentence

“To compute NUs, we assume that return flows of groundwater withdrawals for the domestic
and manufacturing sectors immediately reach the surface water bodies, while only part of the
return flow of irrigation water taken from either surface or groundwater reaches the surface
water immediately, while the other part (f.4) first recharges the groundwater.”

was replaced by

“Water withdrawals for all sectors and sources result in return flow (WU — CU) to surface
water. In the case of all sectors except irrigation, the total return flow is assumed to directly
flow into surface water even if the water source is groundwater. In the case of irrigation, a
part of the return flow of the irrigation water withdrawn from either surface or groundwater
flow directly back to the surface water, while the other part (frq;) recharges the groundwater

(Fig. 1).”

10. P. 8, line 47, is it reasonable to interpolate GRACE data into a 0.5 degree grid? are
GRACE data still valid at this grid scale? This is exactly why there are no grid-based
global GRACE data existent as far as I know.

Response: These 0.5° values are only intermediate values that were then aggregated to basin
averages. To explain this, we now write

“To allow a consistent comparison to WGHM results, the filtered results were interpolated to
the WGHM 0.5° grid such that basin averages of TWS could be computed as averages over
the respective WGHM grid cells.”



*Manuscript

Click here to view linked References

O©CoOo~NoolThWwN -

Impact of water withdrawals from groundwater and surface water on continental water
storage variations

Déll, P.2*, Hoffmann-Dobrev, H.2, Portmann, F.T.?2, Siebert, S.°, Eicker, A.°, Rodell, M.¢,
Strassberg, G.°%, Scanlon, B.R.®

* Corresponding author, Tel. +49-69-798-40219, Fax +49-69-798-40347
% Institute of Physical Geography, University of Frankfurt, Altenhoferallee 1, 60438 Frankfurt

am Main, Germany, p.doell@em.uni-frankfurt.de, hoffmann-dobrev@em.uni-frankfurt.de,
portmann@em.uni-frankfurt.de

® Institute of Crop Science and Resource Conservation, University of Bonn, Katzenburgweg
5, 53115 Bonn, Germany, s.siebert@uni-bonn.de

¢ Institute of Geodesy and Geoinformation, University of Bonn, Nussallee 17, 53115 Bonn,
Germany, annette@geod.uni-bonn.de

Y Hydrological Science Branch, NASA Goddard Space Flight Center, 8800 Greenbelt Road,
Greenbelt, Maryland 20771, USA, matthew.rodell@nasa.gov

® Bureau of Economic Geology, Jackson School of Geosciences, University of Texas at
Austin, 10100 Burnet Road, Building 130, Austin, Texas 78758-4445, USA,
gstras@gmail.com, bridget.scanlon@beg.utexas.edu

Abstract

Humans have strongly impacted the global water cycle, not only water flows but also water
storage. We have performed a first global-scale analysis of the impact of water withdrawals
on water storage variations, using the global water resources and use model WaterGAP. This
required estimation of fractions of total water withdrawals from groundwater, considering five
water use sectors. According to our assessment, the source of 35% of the water withdrawn
worldwide (4300 km*/yr during 1998-2002) is groundwater. Groundwater contributes 42%,
36% and 27% of water used for irrigation, households and manufacturing, respectively, while
we assume that only surface water is used for livestock and for cooling of thermal power
plants. Consumptive water use was 1400 km®/yr during 1998-2002. It is the sum of the net
abstraction of 250 km®/yr of groundwater (taking into account evapotranspiration and return
flows of withdrawn surface water and groundwater) and the net abstraction of 1150 km*/yr of
surface water. Computed net abstractions indicate, for the first time at the global scale, where
and when human water withdrawals decrease or increase groundwater or surface water
storage. In regions with extensive surface water irrigation, such as Southern China, net
abstractions from groundwater are negative, i.e. groundwater is recharged by irrigation. The
opposite is true for areas dominated by groundwater irrigation, such as in the High Plains
aquifer of the central USA, where net abstraction of surface water is negative because return
flow of withdrawn groundwater recharges the surface water compartments. In intensively
irrigated areas, the amplitude of seasonal total water storage variations is generally increased
due to human water use; however, in some areas, it is decreased. For the High Plains aquifer
and the whole Mississippi basin, modeled groundwater and total water storage variations were
compared with estimates of groundwater storage variations based on groundwater table
observations, and with estimates of total water storage variations from the GRACE satellites
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mission. Due to the difficulty in estimating area-averaged seasonal groundwater storage
variations from point observations of groundwater levels, it is uncertain whether WaterGAP
underestimates actual variations or not. We conclude that WaterGAP possibly overestimates
water withdrawals in the High Plains aquifer where impact of human water use on water
storage is readily discernible based on WaterGAP calculations and groundwater observations.
No final conclusion can be drawn regarding the possibility of monitoring water withdrawals
in the High Plains aquifer using GRACE. For the less intensively irrigated Mississippi basin,
observed and modeled seasonal groundwater storage reveals a discernible impact of water
withdrawals in the basin, but this is not the case for total water storage such that water
withdrawals at the scale of the whole Mississippi basin cannot be monitored by GRACE.

Keywords: water withdrawals; groundwater; surface water; global hydrological model; water
storage; High Plains aquifer; Mississippi basin

1. Introduction

Improved quantification of not only continental freshwater flows but also freshwater storage
in different compartments (snow and ice, canopy, soil, groundwater, and surface water
including lakes and wetlands) enables a better understanding of the global water cycle and the
overall Earth system. It allows a better assessment of freshwater resources and how they are
impacted by global change. Temporal freshwater storage variations cause significant
variations in Earth’s gravity field and lead to load-induced deformations of the Earth’s crust.
Measured gravity variations and derived total continental water storage variations, most
notably those of the GRACE (Gravity Recovery and Climate Experiment) mission
(http://www.csr.utexas.edu/grace/), can be interpreted in detail only by relating them to
independent estimates of compartmental water storage variations. Compartmental storage
variations can be derived from hydrological models (Gintner et al., 2007), ground
observations (e.g. of soil moisture and groundwater levels, e.g. Yeh et al., 2006; Swenson et
al., 2008), or by subtracting model-based estimates of storage variations in all but one storage
compartment from GRACE estimates of total water storage variations (Rodell et al., 2007;
Rodell et al., 2009; Strassberg et al., 2009). Alternatively, hydrological models can be
calibrated (Werth and Guntner, 2010; Lo et al., 2010) and evaluated using GRACE data
(Alkama et al., 2010), or GRACE-based water storage variations can be integrated into
models via data assimilation (Zaitchik et al., 2008). The same is true for geodetic
measurements such as GPS which are impacted by deformations caused by large-scale
continental water mass variations (Fritsche et al., 2011).

Continental water storage variations depend on characteristics of the storage compartments
(e.g. soil texture and rooting depth in the case of soil water storage or existence of surface
water bodies in the case of surface water storage) and are strongly driven by climate, in
particular precipitation. For more than a century now, human water use has become another
strong driver of water storage variations, in particular, in densely populated areas and semi-
arid and arid areas with significant irrigation. About 70% of global water withdrawals and
about 90% of global consumptive water use (the part of the withdrawn water that
evapotranspires during use) is for irrigation purposes (D6ll, 2009). Dam construction and,
more importantly, water withdrawals from groundwater and surface water have altered not
only freshwater flow dynamics (D6ll et al., 2009) but also water storage variations in surface
water bodies and aquifers.
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In global-scale assessments, natural freshwater flows and storages are modeled by global
hydrological models or land surface models. These models generally combine climate data
with physiographic data (including soil and vegetation) to compute time series of freshwater
flows (in particular runoff and river discharge). Some of the models do not include all
relevant storage compartments such as surface water bodies and groundwater. Very few
models take into account the impact of human action, in particular of dams and water
withdrawals. These include VIC (Haddeland et al., 2006), HO8 (Hanasaki et al., 2008), LPJ
(Gerten et al., 2004), WBM,s (Wisser et al., 2010) and WaterGAP (Alcamo et al., 2003; Déll
et al., 2009). While these models were used to study the impact of dams and water
withdrawals on freshwater flows, the impact on water storage has not yet been analyzed. Up
to now, impacts of human water use on water storage could not be evaluated appropriately
because no estimates of water withdrawals according to source, i.e. no estimates that
differentiate between water withdrawals from groundwater and water withdrawals from
surface water, existed at the global scale. Therefore, in all these models water withdrawals
were assumed to be taken from surface water only, and not from groundwater. An exception
Is WBMs where total irrigation requirements (other sectoral water uses are neglected and no
distinction of requirements by source is made) are satisfied first by local reservoirs, then by
groundwater and then by river water (Wisser et al., 2010). A further exception is the recent
study on global groundwater depletion by Wada et al. (2010), where total groundwater
withdrawals were roughly estimated based on country-scale data from only one information
source (International Groundwater Resources Assessment Centre IGRAC, www.igrac.net),
the impact of irrigation return flow was neglected, and.groundwater depletion was computed
simply as the difference between groundwater withdrawals and groundwater recharge.

In order to properly estimate the impact of surface water and groundwater withdrawals on
water storage variations in the different continental water storage compartments, we
estimated, for each 0.5° grid cell, the fractions of total water withdrawals and consumptive
water use that are taken from groundwater in the following sectors: irrigation, household
(domestic sector) and manufacturing. We assumed that water for cooling of thermal power
plants and water for livestock (a generally small amount) is taken only from surface water.
Using the estimates of total sectoral (groundwater and surface water) water use and taking
into account the different compartments to which return flow occurs, we then estimated, with
the new version 2.1h of WaterGAP (Water — Global Assessment and Prognosis), net water
abstractions from groundwater (NAg) and and from surface water (NAs). Net abstraction is
equal to the difference between all abstractions due to human water withdrawals from either
groundwater or surface water and all return flows into the respective compartment. These net
abstractions were then subtracted from groundwater storage and surface water storages
(rivers, lakes, reservoirs), respectively, and the impact of water withdrawals from
groundwater and surface water on continental water storage variations (total and
compartmental) was determined. For this paper we concentrated on the impact of water use
on seasonal variations in water storage, and did not evaluate trends in our global-scale
analysis. Modeled groundwater storage (GWS) variations were compared with estimates
derived from measured groundwater level variations in the High Plains aquifer (Strassberg et
al., 2009) and the Mississippi river basin (Rodell et al., 2007), while computed total water
storage (TWS) variations were compared with TWS variations derived from GRACE satellite
data. The High Plains aquifer is an area with intensive groundwater-fed irrigation and an
estimated area-weighted average groundwater level decline from predevelopment (about
1950) to 2007 of 4.27 m, with a relatively constant decline rate since the mid 1980s
(McGuire, 2009). The much larger Mississippi basin, to which most of the High Plains
Aquifer belongs, also includes other areas of intensive irrigation but is on average less
affected by water withdrawals than the High Plains aquifer.
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2. Methods

2.1. Modeling water flows, storage variations and water use with the global water model
WaterGAP

WaterGAP (Alcamo et al., 2003) consists of both the WaterGAP Global Hydrology Model
(WGHM; Dall et al., 2003) and five water use models for the sectors irrigation (Déll and
Siebert, 2002), livestock, households (VoR et al., 2009), manufacturing and cooling of thermal
power plants (ol and Florke, 2010; Vassolo and Déll, 2005). With a spatial resolution of
0.5° x 0.5°, WaterGAP covers all land masses of the Earth except Antarctica.

Modeling of water use refers to computation of water withdrawals and consumptive water
uses (the part of the withdrawn water that evapotranspires during use) in each grid cell.
Consumptive irrigation water use is computed by the Global Irrigation Model (GIM) as a
function of irrigated area (Siebert et al., 2005, 2006) and climate in each grid cell. Regarding
crops, only rice and non-rice-crops are distinguished, and crop growth periods are not
prescribed but modeled. Water withdrawals are calculated by dividing consumptive use by a
country-specific irrigation water use efficiency (D6ll and Siebert, 2002). The compilation of a
time series of irrigated area per country from 1901 to 2010 (Freydank and Siebert, 2008,
updated) allows consideration of the changing impact of irrigation. Livestock water use is
calculated as a function of the animal numbers and water requirements of different livestock
types. Grid cell values of domestic and manufacturing water use are based on national values
that are downscaled to the grid cells using population density. Cooling water use takes into
account the location of more than 60,000 power plants, their cooling type and their electricity
production (Vassolo and D6ll, 2005). Temporal development of household water use since
1960 is modeled as a function of technological and structural change (the latter as a function
of gross domestic product; GDP), taking into account population change (\VoR et al., 2009).
The temporal development of manufacturing and thermal power water use since 1900 is
modeled also as a function of structural and technological change, with national
manufacturing output (for manufacturing water use) and national electricity output (for
thermal power plant use) as the drivers of water use (\VoR and Flérke, 2010). Time series of
monthly values of irrigation water use are computed, while all other uses are assumed to be
constant throughout the year and to only vary from year to year.

WGHM computes time-series of fast-surface and subsurface runoff, groundwater recharge
and river discharge as well as storage variations of water in canopy, snow, soil, groundwater,
lakes, wetlands and rivers as a function of climate, soil, land cover, relief and observed river
discharge. Location and size of lakes, reservoirs and wetlands is defined by the Global Lakes
and Wetland Database GLWD (Lehner and DA6ll, 2004), with a recent addition of more than
6000 man-made reservoirs (Doll et al., 2009). Groundwater storage is affected by diffuse
groundwater recharge via the soil, which is modeled as a function of total runoff, relief, soil
texture, hydrogeology and the existence of permafrost or glaciers. For semi-arid areas, a
comparison with independent estimates of diffuse groundwater recharge led to a modification
of this groundwater recharge algorithm (Doll and Fiedler, 2008). Focused groundwater
recharge from rivers, lakes and wetlands is not taken into account in WGHM. This type of
recharge may be important, in particular in semi-arid and arid regions, but is difficult to
quantify.
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In former versions of WGHM, the impact of water use on the water cycle was taken into
account by subtracting total consumptive water use from river, reservoir and lake storage (in
this order of preference). The impact of groundwater withdrawals was not taken into account
due to lack of data on withdrawals differentiated by source. If surface water storage in a grid
cell, on any day, was less than consumptive use (or rather requirement), the unsatisfied use
was taken out of storage of the neighboring cell with the largest river, reservoir and lake
storage (but not the upstream cells). If, after the subtraction of the water stored in the
neighboring cell, the full consumptive water use was still not satisfied, the remaining
consumptive water requirement was carried forward in the model, and it was determined
whether it could be taken out of surface storage the next day (in addition to the consumptive
use of the next day). Any non-satisfied consumptive water use was carried forward in the
model for one year, and then dropped. Allowing such delayed satisfaction of consumptive
water use requirement) implicitly mimicked water withdrawals from shallow (renewable)
groundwater. Groundwater can be withdrawn even if surface water has run dry. Delayed
satisfaction was also intended to account for the fact that WGHM cannot model reservoir
operations accurately.

WGHM, in the standard approach, is calibrated against long-term average river discharge at
1235 stations world-wide, adjusting 1-3 model parameters individually in each of the 1235
upstream basins (Hunger and Doll, 2008). WGHM was evaluated mainly by comparing
simulated river discharge to observed flow regime characteristics such as seasonality and
statistical monthly low and high flows (D0ll et al., 2003; Hunger and D6ll, 2008; Dall et al.,
2009).

2.2. Quantification of water withdrawals and consumptive uses from groundwater and surface
water

The water use models of WaterGAP compute time series of consumptive water use in the
irrigation sector, for temporally invariant irrigated areas, and consumptive (CU) and
withdrawal water uses (WU) for each of the four sectors households, manufacturing, cooling
of thermal power plants and livestock. CU and WU of livestock are assumed to be equal. In
the water use models, no distinction is made regarding the source of water. To model water
use according to source of water, a new submodel of WaterGAP called GWSWUSE was
developed. GWSWUSE computes, based on the nine water use data sets from the water use
models, the sector-specific consumptive and withdrawals water uses from groundwater and
surface waters (rivers, lakes and reservoirs) separately. GWSWUSE also computes net
abstractions from surface water (NAs) and from groundwater (NAg) (see section 2.3).

As a first step within GWSWUSE, the time series of irrigation CU, which is computed by
GIM for temporally constant irrigation areas but changing climate variables, is scaled by
using an annual time series of irrigated area by country (Freydank and Siebert, 2008,
updated). Then, irrigation WU is computed by dividing irrigation CU by irrigation water use
efficiencies at the scale of individual irrigation projects (so-called project efficiencies).
Irrigation water use efficiencies were estimated for each country by combining information
from three sources (Kulkarni et al., 2006; Rohwer et al., 2007; Aus der Beek, personal
communication, 2010). To obtain sectoral groundwater uses in the sectors irrigation,
households and manufacturing, total sectoral WUs and CUs in each grid cell are then
multiplied by sector- and cell-specific temporally constant groundwater use fractions fy which
are assumed to be the same for WU and CU. Surface water use was computed as the
difference between total and groundwater use.
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We assumed that water for cooling of thermal power plants and water for livestock are only
abstracted from surface water. In order to obtain groundwater fractions for irrigation water
use, we estimated the area equipped for irrigation with groundwater as a fraction of total
irrigated area (fa_irr). We derived these for 15,038 spatial statistical units SSU, i.e. national and
sub-national administrative units (Siebert et al., 2010). Statistics on area equipped for
irrigation were collected from national census reports or online data bases and complemented
with country information available from the Food and Agriculture Organization of the United
Nations (FAO) AQUASTAT library, data collected by other international organizations or
statistical services (e.g. EUROSTAT) or data taken from the literature. Statistics on area
equipped for irrigation by either surface water or groundwater were available for only about
12% of all SSUs. However, about 75% of the global area equipped for irrigation is located in
these SSUs. In this study, we used the estimates of f, jr of Siebert et al. (2010), except in
Russia where Siebert et al. (2010) only estimated a constant value for the whole country.
Here, we used subnational data on total groundwater withdrawals as a fraction of total water
withdrawals for 11 large river basins, assuming that f, i is equal to this fraction.

Groundwater fractions of domestic and manufacturing water use were estimated for 5938
SSUs, mainly based on information from the International Groundwater Resources
Assessment Center (IGRAC, www.igrac.net), international reports and national sources. No
information at all was available for 55 out of 196 countries or territorial units. For 10
countries, subnational data (mostly at the level of federal states/provinces, with a total of 5752
SSUs) could be evaluated. Subnational data on both domestic and manufacturing groundwater
fractions were available for only 3 of the 10 countries: USA (for counties), Mexico (for
counties) and Germany (for federal states). For the other countries with subnational data, only
data on total groundwater withdrawals as a fraction of total withdrawals were available, or
only data for either the domestic or the manufacturing sector. Regarding national-scale data,
groundwater use fractions fy for both domestic and manufacturing sectors could be derived
directly from data on sectoral groundwater and total water withdrawals for only 20 countries.
In most countries, inconsistencies of total sectoral water uses and sectoral groundwater uses
that are mostly due to different data sources, or simple lack of data, made reliable estimation
of specific domestic and manufacturing groundwater fractions impossible. In the Appendix,
generation of the datasets of cell-specific groundwater use fractions of domestic and
manufacturing water withdrawals is described in more detail.

Sectoral groundwater fractions for the SSUs were interpolated to the 0.5° grid cells by
weighting with intersection area. At the grid cell level, f, i is assumed to be equivalent to the
fraction of irrigation water withdrawal and consumptive use that stems from groundwater.

2.3. Modeling the impact of groundwater and surface water use on groundwater and surface
water storages

Fig. 1 shows the water flows and storages that are modeled in WGHM 2.1h within each 0.5°
grid cell. Groundwater receives input from groundwater recharge and loses water to outflow
to surface water (the river, or lakes, reservoirs and wetlands if they exist in the cell), the
outflow being a linear function of groundwater storage (for observational evidence of the
resulting exponential relation between groundwater outflow and storage, see Fig. 12b of
Eltahir and Yeh, 1999). Unlike in former versions of WGHM, in the new model version 2.1h,
groundwater storage is decreased (or increased) by the so-called net abstraction of
groundwater NAg, i.e. the difference between water withdrawals from groundwater and return
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flows to groundwater. Return flows to groundwater are assumed to only occur in irrigated
areas, due to irrigation water that was either taken from groundwater or surface water (Fig. 1).
A fraction fyg; of the return flows from irrigation recharges groundwater, while the rest
directly flows to surface water bodies. NAq is computed as

with WU: withdrawal use, in km®month, CU: consumptive use, in km*/month, NA: net
abstraction, in km®month, frgiz fraction of return flow (WU-CU) from irrigation to
groundwater, and subscripts g: groundwater, s: surface water, i: irrigation, d: domestic, m:
manufacturing. The term that is subtracted at the right-hand side of Eq. (1) can be regarded as
artificial groundwater recharge.

Temporal development of groundwater storage is computed as follows:
GWS(t) = GWS(t-1) + GWR(t) — kg - GWS(t-1) — NAg(t) (2

with GWS: groundwater storage, in km®, GWR: groundwater recharge, in km*/day, ky: outflow
coefficient from groundwater to surface water, set globally to = 0.01/day, t: time step (1 day).

Insert Fig. 1 about here

The different surface water bodies receive water from precipitation, from the soil by fast
surface or subsurface runoff or from the groundwater compartment by baseflow, or from other
surface water bodies. They lose water by evaporation and outflow to the next surface water
body (Fig. 1). Surface water storage is affected by NAs, the difference between withdrawals
from surface water and the return flows to surface water. This is different from the previous
WGHM versions, where total consumptive use was taken out of surface water storage.

Water withdrawals for all sectors and sources result in return flow (WU — CU) to surface
water. In the case of all sectors except irrigation, the total return flow is assumed to directly
flow into surface water even if the water source is groundwater. In the case of irrigation, a
part of the return flow of the irrigation water withdrawn from either surface water or
groundwater flows directly back to surface water, while the other part (f.4i) recharges
groundwater (Fig. 1). For water uses where the source of water and the sink for the return
flow are the surface water bodies, only consumptive use needs to be included in the
computation of NAs. This is the case for water use for cooling of thermal power plants and for
livestock as well as for surface water use in the domestic and manufacturing sectors. Thus, net
abstraction from surface water NAs, i.e. from rivers, lakes and reservoirs, is defined as

with subscripts I: livestock, t: thermal power plants. The temporal development of the rivers,
lakes and reservoirs as impacted by NAs is modeled using a water balance similar to Eq. (2).
The sum of NAs and NAg is equal to consumptive water use.

NAs is taken preferentially from river storage (full line in Fig. 1). Only if no river water is
available, water will be taken from 1) global reservoirs (if actual reservoir storage exceeds
10% of total storage capacity, 2) global lakes (if storage is greater than zero), or 3) local lakes
(Fig. 1). So-called local lakes and wetlands are recharged only from runoff generated within
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the grid cells, while so-called global lakes, reservoirs and wetlands also get water from the
upstream cell (Fig. 1). If, on any day, not enough surface water is available in a grid cell to
allow subtraction of NAs from that particular grid cell, NAs is taken from the neighboring grid
cell as described in section 2.1.

Return flow of irrigation will partly recharge groundwater, and partly run off directly to
surface water bodies. Return flows to surface water will be high in the case of artificial
drainage when pipes or drainage canals cause water to bypass the groundwater store. We
estimated the groundwater fraction of return flow fyg; as a function of the irrigated area that is
artificially drained as a fraction of total area equipped for irrigation fq - as

frgi =08-06" fd_irr 4)

fa_irr was derived from global-scale information on drainage in rainfed and irrigated
agriculture as compiled by Feick et al. (2005). Due to a lack of data on drainage in irrigated
areas in many countries, we had to combine data on drained irrigated area with data on
drained area (wit