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Abstract. While GRACE (Gravity Recovery and Climate mate extremes, their influence on interannual timescales can
Experiment) satellites are increasingly being used to moni-be large.

tor total water storage (TWS) changes globally, the impact For example, TWS decline during the 2007—-2009 drought
of spatial distribution of water storage within a basin is gen-in the Tigris—Euphrates basin measured by GRACE was
erally ignored but may be substantial. In many basins, wa—~ 93 kn?. Actual reservoir storage from satellite altimetry
ter is often stored in reservoirs or lakes, flooded areas, smallvas limited to 27 km, but their apparent impact on GRACE
aquifer systems, and other localized regions with areas typreached 45kr i.e., 50 % of GRACE trend. Therefore, the
ically below GRACE resolution~ 200000 k). The ob-  actual impact of reservoirs would have been greatly underes-
jective of this study was to assess the impact of nonuni-timated (27 kr) if reservoir storage changes were assumed
form water storage distribution on GRACE estimates of TWSuniform in the basin. Consequently, estimated groundwater
changes as basin-wide averages, focusing on surface wateontribution from GRACE would have been largely overes-
reservoirs and using a priori information on reservoir storagetimated in this region if the actual distribution of water was
from radar altimetry. not explicitly taken into account.

Analysis included numerical experiments testing effects of Effects of point masses on GRACE estimates are not easily
location and areal extent of the localized mass (reservoirspccounted for via simple multiplicative scaling, but in many
within a basin on basin-wide average water storage changesases independent information may be available to improve
and application to the lower Nile (Lake Nasser) and Tigris—estimates. Accurate estimation of the reservoir contribution
Euphrates basins as examples. Numerical experiments shoig critical, especially when separating estimating groundwa-
that by assuming uniform mass distribution, GRACE esti- ter storage changes from GRACE total water storage (TWS)
mates may under- or overestimate basin-wide average watethanges. Because the influence of spatially concentrated wa-
storage by up to a factor ef 2, depending on reservoir loca- ter storage — and more generally water distribution — is sig-
tion and areal extent. nificant, GRACE estimates will be improved by combining

Although reservoirs generally cover less than 1% ofindependent water mass spatial distribution information with
the basin area, and their spatial extent may be unresolve@RACE observations, even when reservoir storage is not the
by GRACE, reservoir storage may dominate water storagelominant mechanism. In this regard, data from the upcoming
changes in some basins. For example, reservoir storage aSurface Water Ocean Topography (SWOT) satellite mission
counts for~ 95 % of seasonal water storage changes in theshould be an especially important companion to GRACE-FO
lower Nile and 10 % in the Tigris—Euphrates. Because reser{Follow-On) observations.
voirs are used to mitigate droughts and buffer against cli-
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1 Introduction cation of contributions from different storage components,
including a careful assessment of the reservoir storage com-
Large rivers cross the Middle East and bring life to theseponent.
dry regions, where throughout human history reservoirs have GRACE satellites (Tapley et al., 2004) are unique in their
served to ensure an adequate water supply by storing waability to monitor changes in total water storageTWS),
ter in times of surplus and releasing it in times of scarcity a combination of changes in ice snow water equivalent
(Altinbilek, 2002), providing a buffer to mitigate seasonal storage ASWES), surface water storage, often dominated by
and interannual variability in precipitation. Regulation to en- reservoir storageARESS), soil moisture storage\ EMS)
sure water supply and control floods may become even morand groundwater storagd GWS) (Glntner, 2008; Schmidt
critical in the future with projected increasing intensity of et al., 2008). The objective of many GRACE studies is to
the hydrologic cycle (Easterling et al., 2000). Today half the separately estimate the contribution of groundwater storage
world’s large dams were built exclusively or primarily for ir- changes. This requires disaggregatixigWs as follows:
rigation, and an estimated 30-40 % of irrigated lands rely on
reservoirs (WCD, 2000). The last century saw a rapid gIobaIAGWS_ ATWS— ASWES— ARESS- ASMS 1
increase in large-dam building, from 5000 through 1950, Many studies neglect surface water storage changes although
mostly in industrialized countries, te& 45000 by the end this leads to accumulating errors in GWS estimates (e.g.,
of the 20th century (Biswas and Tortajada, 2001150 Xavier et al., 2010; Frappart et al., 2011; Frappart et al.,
countries. About 50 % of the dams were built mainly for irri- 2012; Shamsudduha et al., 2012). One difficulty is that sur-
gation purposes, mostly in India (World Bank, 1998). Water face water storage changes are often concentrated in small
inflows to reservoirs are mostly controlled by precipitation areas, such as lakes, rivers, and flooded areas. Consequently,
and water convergence from contributing basins, while out-few land surface models (LSMs) explicitly model surface
flows are subject to laws and policies serving agricultural, in-water routing (Alkama et al., 2010, Vergnes and Decharme,
dustrial, and urban needs, in addition to physical processes &2012). A related problem is that surface water is often stored
evaporation and seepage. Most reservoirs are above groundjthin artificial reservoirs ARESS) under anthropic control,
but below-ground reservoirs in aquifers (groundwater banks)yand is therefore frequently omitted from LSMs.
with ~ 2-3 kn? of water storage have been developed in the The spatial resolution of GRACE data is usually given as
Central Valley of California, and are in service elsewhere. ~ 200 000 k3, reflecting the spatial resolution of the gravity
Reservoirs may strongly influence relationships amongfield estimable from the satellite altitude- @50 km). How-
countries. For example, in the Tigris—Euphrates basin, popuever, GRACE is actually sensitive to total mass changes con-
lation growth and increasing reliance on irrigated agriculturecentrated within a smaller area if the magnitude is sufficient.
have raised water sharing issues between upstream (Turkeyn agricultural regions, for example, where groundwater sys-
and downstream users (Syria and Iraq) and is causing strontgms are exploited in conjunction with surface water (e.g.,
rivalries in this transboundary watershed. Continued devel-Scanlon et al., 2012b), a separate estimate of groundwater
opment of hydraulic resources in upstream Tigris—Euphratestorage variations requires estimation of the surface water
has also lead to higher sensitivity to droughts and lower watercontribution, mostly from reservoirs. As a result, anthropic
quality downstream, further aggravating the geopolitical en-management of reservoirs and anthropic contributions to the
vironment (Mutin, 2009). While dam building was the path water cycle have recently been incorporated into global mod-
of progress a few decades ago, it may now be a source oéling studies (Liu and Yang, 2010; Ddll et al., 2012; Pokhrel
deepening water inequality among riparian countries. Be-etal., 2012; Wada et al., 2012). Recently, Siebert et al. (2010)
cause of limited ground-based observation, GRACE satellitedeveloped a database of irrigation, the primary consumer of
data should be valuable for monitoring water storage changewater resources, separating surface water and groundwater
in these basins. Accurate GRACE water storage estimatesources of irrigation (Siebert et al., 2010).
have importance beyond practical hydrology, given the pol- Virtually all reservoirs are point masses at the spatial reso-
itics and conflicts associated with drought and transboundiution of GRACE. For example, a large reservoir with a typ-
ary water allocation and management among Turkey, Syriaical surface area of 1000 kn? is about two orders of mag-
and Irag. Recent global modeling studies for this region havenitude less than that of the smallest basin200 000 kmn?)
suggested a net increase in groundwater storage becausetbft can be typically resolved by GRACE observations. The
increased recharge from surface water irrigation (D6ll etprecision of GRACE observations allows detection of 1 cm
al., 2012). In contrast, GRACE water storage changes folTWS change within a 200000 Krbasin & 2km® TWS
the Tigris—Euphrates basin and western Iran were attribute¢hange). This is comparable in mass (hence detectability) to
to large-scale groundwater depletion (77%rmduring a re- a 2m water level change within a 1000kmeservoir. The
cent drought (2007-2009) (Voss et al., 2013). Although theycapability of GRACE to monitor reservoirs was documented
cover different time periods and spatial scales, fundamentain a prelaunch study by Boy and Chao (2002) for the Three
differences between these published estimates underscore tl@orges Reservoir and examined subsequently by Wang et
need for accurate assessment of TWS changes and identifl. (2011). Other GRACE studies have examined storage in
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African lakes (Swenson and Wahr, 2009; Becker et al., 2010)2 Methods and data sets
and the Aral Sea (Singh et al., 2012), which are larger than
artificial reservoirs, but smaller than nominal GRACE reso-2.1 Synthetic numerical experiment
lution. In these studies, GRACE observations were supple-
mented with satellite radar altimetry observations of waterThe influence of spatially concentrated water storage
level changes. changes on GRACE is illustrated using two simple syn-
While the contributions of reservoirs to water storage thetic numerical experiments. Results apply to any spa-
changes have been recognized, their quantitative influencBally concentrated water storage component (glaciers, rivers,
has not been clearly included in most previous studies. Moreeservoirs, small-scale groundwater systems) estimated from
precisely, it has not been clear how small scale and/or disconGRACE observations, whether in spherical harmonic (SH),
tinuous distributions of water sources affect basin-scale avergridded (Landerer and Swenson, 2012) or “mascon” (e.g.,
age water storage changes typically estimated from GRACH iwari et al., 2009; Rowland et al., 2010) formats, given that
data. For example, Rodell et al. (2009) estimated groundspatial resolution is constrained by potential field physics to
water depletion in NW India. Because of filtering associ- be comparable to GRACE satellites’ altitude €400 km.
ated with GRACE processing, water storage changes fronin these experiments, a point mass representing a>an
GRACE are damped and need to be rescaled to restorter storage reservoir within a simple circular basin is used
basin-scale water storage changes. The study by Rodell éb compute the corresponding change in GRACE estimate of
al. (2009) recognized water storage changes at varying spawater storage for the basin. In practice, the computations are
tial scales by applying different multiplicative factors for performed using a 1/8th degree grid {2 x 12 km). In the
rescaling seasonal variations and trends in GRACE procesdirst experiment, the location of the point mass is varied rela-
ing. Seasonal variations were attributed to soil moisture, dis{ive to the basin center. In the second experiment, the mass is
tributed over an area much larger than that of the aquiferfixed at the basin center, but its spatial extent increases from
while trends were attributed to groundwater storage changea concentrated point up to a uniform distribution over the en-
within the basin. The same conclusions were explicitly drawntire basin.
by Feng et al. (2013) when studying the groundwater contri- Spherical harmonic representations of surface mass
bution to TWS changes in the North China Plain, distribut- change were used (Wahr et al., 1998), limiting degree and
ing a priori information on groundwater mass to accuratelyorder to 50 (to simulate data from GRGS), and to 60 (to sim-
rescale GRACE data. Recently, Scanlon et al. (2012a) notedlate data from CSR, including a Gaussian 300 km filter).
that the effective multiplicative (scaling) factor required to A hard truncation (no filtering) at degree 50 does not ex-
correct for spatial distribution may vary by 15% among  actly duplicate stabilized GRGS solutions at higher degrees
storage components due to varying spatial distribution. FoLemoine et al., 2007). SH expansions of mass change over
example, snow is usually concentrated within mountains orcircular basins of varying size were evaluated, and appar-
a basin perimeter, while soil moisture tends to be more evenlyent basin-wide average mass changes were calculated given
distributed over a basin. The fundamental problem is that waknowledge of the spatially concentrated true mass within
ter storage variations in spatially-limited regions are to bethe basin. Apparent basin storage (ABS), in units of wa-
estimated from spectrally-limited (GRACE) data (Simons etter layer thickness, equals the SH expansion of mass (wa-
al., 2006). ter volume) integrated over the entire basin, divided by basin
The objective of this study was to evaluate the contri- area. In other words, ABS describes how GRACE captures
bution of nonuniform water storage distribution to GRACE the impact of point masses prior to any bias/leakage cor-
TWS changes as basin-wide averages. Point masses are usegtion. True basin storage (TBS) equals the actual mass lo-
to represent the distribution of typical reservoirs in simple cated within the basin divided by basin area. For example, in
synthetic numerical modeling experiments. Then, exampleshe first experiment, a constant reservoir mass of 4 was
from basins with large reservoir components are presentedjiven varying locations with a basin area of 0.4 millionkm
which combine independent satellite radar altimetry obser{M km?) resulting in a TBS of 2.5 mm, while ABS is larger
vations of reservoir storage with GRACE data. The exam-and reaches 3.1 mm when the mass is at the center.
ples demonstrate the importance of combining spatial distri-
bution information when disaggregating TWS changes into2.2 Reservoir data
reservoir, soil moisture, and groundwater storage changes.
In some regions of the world, such as in the US, reservoir
storage is monitored and data are publicly available. More
commonly, such data are difficult to obtain. However, satel-
lite radar altimetry estimates of reservoir water levels and/or
volume changes are available for many large reservoirs. Sev-
eral missions have been launched since the early 1990s: ERS-
1(1991-1996), T/P (1992—-2005), ERS-2 (1995-2002), GFO
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(2000-2008), JASON-1 (2001), JASON-2 (2008) and EN-LSM grid values over basins available atOr&solution (Oki
VISAT (2002-2012). The combined global altimetry histori- and Sud, 1998)
cal data set now covers approximately two decades and will
be continuously updated in the coming decade. Merging al2.4 GRACE data
timetry data from several altimetry missions also increases
the spatiotemporal resolution of remotely-sensed hydrologi-Two different GRACE products were used in this study.
cal variables. The first is based upon monthly Release 04 spherical har-
We used lake and reservoir level/volume variations ob-monic (SH) data from CSR (Center for Space Research,
tained from the Hydroweb database (Crétaux et al., 2005Univ. of Texas at Austin, US), truncated at degree and order
2011) for regions shown in Table 1. Time series of water60 (Bettadpur, 2007), including a destriping filter (Swenson
stage, computed from satellite altimetry for 165 natural lakesand Wahr, 2006) and additional 300 km Gaussian smoothing.
and artificial reservoirs, are available bttp://www.legos.  The second uses 10day RL0O2 data from GRGS (Groupe de
obs-mip.fr/len/soa/hydrologie/hydrowebBkstimates incorpo- Recherche en Géodésie Spatiale), stabilized and truncated at
rate specific biases of each satellite (Crétaux et al., 2009)degree 50 (Lemoine et al., 2007; Bruinsma et al., 2010). No
The accuracy of radar altimetry over lakes is 2—3 cm for largeadditional filtering is required for GRGS solutions. CSR and
lakes, and up to 70-80 cm for small and narrow lakes. LakeGRGS solutions use the same GRACE range-rate data and
areas and volumes are also provided in Hydroweb for a sesimilar geophysical background models, but employ inde-
lection of 30 lakes worldwide. Information on lake/reservoir pendent processing strategies. They have been selected be-
area is required for systems with only water level data to cal-cause CSR solutions are among the least constrained solu-
culate water volume changes. Satellite remote sensing opticdlons, while GRGS is considered one of the most constrained.
imagery (mainly Landsat satellites, 30 m resolution) has beern each example, basin-scale water storage changes and asso-
used to detect the presence of water on Earth and estimatdated errors were calculated following procedures outlined
lake surface area corresponding to different water levels. Aby Longuevergne et al. (2010). The GRACE SH expansion
water area—level relationship is therefore derived from inte-of apparent mass change was integrated over the basin, and
grating satellite radar altimetry and imagery to calculate lakethen bias and leakage corrections were computed assum-
area and water volume variations over time. For cases whergng GLDAS-NOAH correctly represents water mass varia-
lake volumes are unavailable, a constant lake surface area tons and distribution both within and outside the basin. Bias

assumed. and leakage corrections were determined separately using
an additive hypothesis, then added to the GRACE apparent
2.3 Land surface models mass change. For information purposes, a multiplicative fac-

tor k was also computed by applying the same processing as
To disaggregate GRACE TWS into different components andGRACE to GLDAS-NOAH (truncation and filtering), then
to compare with reservoir storage data, we examine wa€omparing processed values with the original model.
ter storage estimates from different LSMs, which mainly Because GLDAS excludes reservoir storage, bias and
model changes in soil moisture storageSMS) and snow leakage corrections are likely less accurate when reservoir
storage equivalent storaga $WES) due to natural physi- storage is a major component of the water balance. After
cal processes. Water storage changes in managed reservobis/leakage corrections, and independently of the method
are generally not included in LSMs because regulation rulesised, GRACE may describe correctly SMS and SWES, but
are not well known. However, one LSM, WGHM (Water- other components are not properly constrained. If an addi-
GAP Global Hydrology Model) incorporates these varia- tive correction method is considered, RESS and GWS will
tions in some basins (Dol et al., 2003; Hunger and Déll, remain with the “filtered” signature and bias/leakage would
2008). A version of WGHM has been calibrated jointly with have been corrected for effects of SMS and SWES. In the
GRACE and river discharge data (Werth and Glntner, 2010)case of a multiplicative method, the multiplicative factor
but the version used in this study is independent of GRACEwould not take into account the specific mass distribution of
data. Water storage estimates are also obtained from anothegservoirs, and again, RESS and GWS will not be properly
widely used LSM, GLDAS (Global Land Data Assimila- corrected. In this work, we use an additive method to correct
tion System) (Rodell et al., 2004), which omits reservoir wa- for bias/leakage, but the multiplicative approach will also be
ter storage changes. GLDAS output includes four differentaddressed.
LSMs, CLM, MOSAIC, NOAH and VIC. In the following,
GLDAS ASMS is computed as the mean of SMS variations2.5 Application to regions with significant reservoir and
among CLM, MOSAIC, NOAH and VIC, and changes in lake storage
SWES are computed similarly. The relative importance of
RESS changes on the water cycle can be evaluated by conResults from the numerical experiments and other data are
paring GLDAS results with WGHM (which includes reser- used to interpret GRACE water storage estimates of changes
voirs). Results are compared with GRACE by integrating within two basins in arid/semi-arid Middle East regions: the
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Table 1. Lake and reservoir data summary. Variability is computed as the standard deviation of lake storage variations over the whole time
series. Asterisks refer to reservoirs and lakes that have volume data in the Hydroweb database; for other lakes, we assume constant area.

Region Lake name Area[khi Variability [ km3]
Lower Nile
(410000 kn?) Nasser 6200 ki 16 km3

Tigris—Euphrates

(790 000 kn?) TOTAL 15300kn? 24 km?
Asad 447 0.30
Ataturk 707 1.6
Daryace* (outside) 5200 3.7
Mossoul 285 1.8
Qadisiyah* 415 3.3
Razazah 1501 1.9
Saksak* 458 1.7
Tharthar 2500 8.3
Van 3755 1.0

lower Nile and the Tigris—Euphrates basins, both with signif- increasing, and the NAS is now being mined in several ar-
icant anthropic reservoir management. Additional examplesas, mainly in oases spread over Egypt and Libya, west of
are provided in the supplementary material, including Gurithe Nile valley, with pumping rates reaching 10 times natural
Lake (Orinoco Basin), and the eastern African lakes (Xie etdischarge (Gossel et al., 2008).

al., 2012). Lake and reservoir volume variations were first

estimated using independent radar altimetry data in orde2.5.2 Tigris—Euphrates basin

to predict the GRACE signal. Predicted and observed wa-

ter storage variations at GRACE resolutions were then comThe Tigris—Euphrates (TE) basin has seen anthropic man-

pared with LSM estimates agement for over six millennia. The regional climate is
dominated by winter precipitation, with snow in surround-
2.5.1 Lower Nile basin ing mountain ranges (Jones et al., 2008). Therefore, sum-

mer crop production relies heavily on irrigation. For ex-
Lake Nasser (6216 kfnarea,~ 500 km long) is located in ample, Mesopotamia (from the Greek “land between two
the lower Nile basin at the border between Egypt and Sudamivers”), as the cradle of modern civilization, was built upon
(Fig. 3). The lake was filled in the 1960s to 1970s with the the wealth of irrigated agriculture and remains one of the
construction of the Aswan High Dam upstream of the old most engineered basins in the world. Irrigation greatly ex-
Aswan Dam. The total capacity of the reservoir is 162km panded at the beginning of the 20th century. Both rivers orig-
at the level 182 m amsl (Sadek et al., 1997). Lake levels maynate in Turkey and construction of several dams in Turkey
vary by up to 7m {43 kn?) between summer and winter, and Syria has greatly reduced flow into downstream Iraq.
with evaporation accounting for 2.4 m (15 % of river inflow) Jones et al. (2008) showed large streamflow reduction in
and seepage to nearby aquifers accounting for 0.23 m (1.2 %he TE basin related to dam impoundment and operations in
of river inflow), see Aly et al. (1993). The lower Nile basin the 1989-1998 period, compared to predevelopment (1965—
is also important because the region evaluated in this study973), reaching 26 to 48 % at annual timescales. Stream-
covers~ 30 % of the Nubian Aquifer System (NAS). There flow decreased by 75% in January 1990 when Turkey be-
is interest in applying GRACE to evaluate groundwater stor-gan to fill the Atatlrk reservoir, leading to crop loss of 15 %
age changes in the NAS. The NAS extends over more tharfMutin, 2009). Beyond dam storage, water loss by evapotran-
2Mkm~2 and is one of the largest groundwater systems inspiration (lake surface, crop irrigation) and seepage also de-
the world, shared by Egypt, Lybia, Sudan and Chad (Sultarcreases streamflow and increases sensitivity of downstream
et al., 1997; Gossel et al., 2008). As annual rainfall is belowreservoirs to droughts.
15mmyr1, NAS is the only major freshwater resource in
the eastern Sahara besides the River Nile. In this arid area,
recharge from rainfall is limited to a couple of mm a year. 3 Results of synthetic numerical experiment
Water stored within this aquifer is mostly fossil nonrenew-
able groundwater accumulated during the Quaternary (SulThe overall impact of a point mass on GRACE basin-wide
tan et al., 1997). Groundwater extraction has been rapidlyaverage water storage changes includes several different
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effects: mass location and area, basin area, and details o~ GRAGE Bias/Leakage processing step
GRACE processing. In the first experiment (Figs. 2, S1), the , GRACE information
. . . q( Raw GRACE LSM mass distribution Quality Qf content after Bias/Leakage
location of a point mass representing 1kf water (as- information BIL corrections corection
signed to a 1/8th degree cell, or 140%mvas varied relative sws, + homogeneous, v Siis
. . . . O A 4
to the basin center for basins of various areas (Figs. 2, S1). g | Concentrated on mountain / SWES
H . . ranges,modeled v
Three main results are evident: _— Concentiaed masses ot noluded N
. . ) VA on.
1. The position of a point mass strongly affects the im-  ews. A e " not included GWS.or kGWS;

pact of a point mass on GRACE mass changes. Ap-

parent basin storage (that is, GRACE TWS estimatesFig. 1. Schematic showing the impact of modeled and unmodeled
prior to bias/leakage correction) exceeds TBS (actualstorage compartments in LSMs on the Bias/Leakage correction,
mass located within the basin divided by basin area)considering a perfect LSM limited to SMS and SWES. Subscript F

when the point mass is concentrated in the basin centépresents spatial filtering, i.e., truncation to degree 50 (equivalent
ter and diminishes rapidly as the mass moves off-t0 GRGS processing) and degree 60 (equivalent to CSR processing),
center due to leakage to regions outside the basin Fo?nd 300 km Gaussian filtering (CSR). Two bias/leakage correction
example, a 0.4 million (M) ki basin has TBS— " “methods may be used: a multiplicative method, applying a factor k

. based on mass distribution from LSM, or an additive hypothesis. In
—2
2.5mm (1 kn#/0.4 Mkm ), but ABS is 24 % larger both cases, as storage compartments do not have the same mass dis-

(3.1 mm) when the point mass is at the center (Fig. 2a) yipytion, bias/leakage corrections are only valid for modeled stor-
When located near the edge, ABS is 50% lower age compartments in LSMs, which generally do not include RESS
(1.2mm) than TBS. ABS diminishes quickly as the and GWS. Rescaled GRACE data may correctly describe SMS and
mass moves off-center due to leakage to regions outSWES, other components, however, are not properly constrained.
side the basin. The impact of a point mass located out-

side the basin may be important, especially for small
basins (area <300 000 Kn (multiplicative factor of 1.6) because leakage to regions out-

side the basin is diminished with greater concentration. Hard-
2. Basin area modulates the magnitude of the point massruncation negative sidelobes in the degree 50 case reduce
effect (Fig. 2b). ABS is always less than TBS for basin relative ABS for larger basins.
area below 0.3Mkm?. For example, a 0.2Mkfn These two experiments can be used to interpret GRACE
basin with TBS= 5mm, while ABS= 4.1 mm when estimates of TWS changes for basins with spatially irregu-
located at the basin center and 2.5mm at the basinar water storage distribution. A first point is that the impact
edge. Conversely, ABS may be larger than TBS for of concentrated masses on GRACE (ABS) is rarely equal to
larger basins, causing overestimation of TWS. Whentheir true value (TBS) and may be smaller or larger, depend-
the basin is small (area<0.3MKrf), point masses ing upon the position of the mass and its areal extent with
outside the basin also yield a similar ABS as point respect to the basin area. Masses outside a basin may con-
masses inside the basin. Thus, knowledge of storageribute significantly by leakage into the basin. Second, the
changes close to a basin edge are required to properlgignal produced by a concentrated mass tends to increase
estimate leakage. with concentration. If a point mass is located near the cen-
) ) ter of the basin and its distribution is incorrectly assumed to
3. ABS is strongly affected by processing methods, es-pe ynjiform, GRACE estimates may overestimate the actual
pecially filtering (Fig. 2b and c) smoothing. Including  mass storage by more than 50 %. When no smoothing is ap-
up to SH degree 60, with additional 300 km Gaussianpjieq, the impact of a point mass will be close to true storage
smoother (similar to processing of CSR data), yields yhen the reservoir is located half way between the center and
ABS that is biased because smoothing spreads the sigsqge of the basin and has a small area. When smoothing is
nal over a large area. Thus, ABS is diminished rel- 5ppjied, ABS is always less than TBS. As a conclusion, con-
ative to the degree 50 case (similar to processing Ofgigering actual mass distribution within a basin is necessary
GRGS data). Improvement of spatial resolution (ré-hen processing GRACE data to accurately quantify basin-

duced spatial filtering) makes GRACE basin-wide av- ;ide water storage changes from GRACE.
erages more sensitive to the impact of point masses.

In the second experiment (Figs. 2, S2), the mass is ceng Application to specific basins
tered within the basin but its radius is varied from a point
(1/8th degree) up to the basin radius. The results are de4.1 Lower Nile basin and Lake Nasser
scribed by relative ABS, the ratio of ABS divided by its
value when mass radius equals the basin radius (equivalerithe impact of anthropic water management is evident from
to assuming a uniform distribution for storage). More con- differences between GLDAS SMS (which does not include
centrated masses increase the relative ABS as much as 60 kake Nasser storage changes) and WGHM (incorporating
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Bis'”’ﬂi Experiment 1: Contours of apparent basin Experiment 2: Mass is at the basin
storage (ABS) in mm of water due to a :@i center, but its size is varied. Contours
1 km® point mass within a circular basin give Relative ABS, the ratio of ABS to
as a function of location relative to basin apparent storage with the same mass
center (ratio of distance to center versus | uniformly distributed over the basin. Thus the upper

basin radius) and basin area (M km?). True Basin Storage | contour is exactly 1 in each case

(TBS) for masses inside the basin is given on top of graphs.
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Fig. 2. Numerical experiment of the impact of a 1 ﬁrpoint mass to basin-wide estimates of water storage. In terms of GRACE processing,
degree 50 no smoothing generally corresponds to processing applied to GRGS data and degree 60 plus 300 km Gaussian smoothing genera
corresponds to processing applied to CSR dafeShows a contour of apparent basin storage (ABS) with varying location of the point mass
from the basin center to outside the basin. True basin storage (TBS) is 2.5 mm QL& kmfz). (b) Shows contours of ABS in mm for

varying basin areas (horizontal axis) and increasing distance of the mass from the basin center (verti¢d)l, &&)sind(f) Show contours

of ABS divided by the same impact (apparent storage) when the mass is distributed uniformly for varying basin areas (horizontal axis) and
decreasing concentration (vertical axis). Refer to supplementary information S1 and S2 for more case studies and additional figures.

Lake Nasser regulation rules) over the lower Nile basinpact on GRACE (170 mm between minimum and maximum,
(Fig. 3). The difference is- 40 mm ¢ 16 kn?) for seasonal 69 kn?) is twice the actual impact, considering the spatial
variations. GRACE estimates clearly capture changes irdistribution of concentrated mass variations (80 mm, 33,km
Lake Nasser, though some differences in phase are evisimilar to what GRACE captures), as expected from Exper-
dent during September/October of 2007 and 2008. As Lakément 1. A consequence is that long-term variations in the
Nasser is at the edge of the lower Nile basin, its impact onlake contribution to water storage changes would be overes-
GRACE can be understood using the numerical experimentimated if uniform distribution was assumed. While the area
results. Lake Nasser is 1.5% of the lower Nile basin area;of Lake Nasser constitutes only 1.5 % of the lower Nile basin,
therefore, ABS would be- 1/2 the lake volume variations it accounts for 95 % of the water storage changes as annual
distributed over the basin (TBS). If the lake mass is assumedainfall is below 15 mm year'.

uniformly distributed over the lower Nile basin, then its im-
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Fig. 3. (a) Google Earth map of the lower Nile basin (410 OOOZI)m)utIines are indicated in black. Superimposed is the apparent water
storage change for a 1 Bmass change (equivalent to a 160 mm lake level variation) distributed over Lake Nasser after hard SH truncation
at degree 50 (similar to GRGS). Note the negative sidelobes associated with hard truncation. The outline of the area of interest is artificially
set at the Egypt—Sudan border to focus on the very dry area and to compute the impact of a single point mass located at the border of the
area of interesib) The colored lines show Nile basin total water storage (TWS) change anomalies from GRACE CSR and GRGS, GLDAS-
SMS, WGHM (which includes Lake Nasser). Black lines show predicted impact of Lake Nasser oMBER$ — solid line, ABS) and the

simple reservoir volume from altimetry uniformly distributed over the basin (dashed line, TBS). Lake Nasser accounts for 95 % of the mass
variability within the basin.

Estimated impact of Lake Nasser on GRACE relies on4.2 Tigris—Euphrates basin
the hypothesis that the Lake Nasser area is considered as
constant. Abileah and Vignudelli (2011) compared Landsat-
derived lake area and noted a 0.4%ake area variation per

o . In the TE basin, the nine largest reservoirs have been taken
meter of water level variation. Therefore, lake volume vari-

) , : , i “into account (Table 1; Fig. 4a). As suggested by Experi-
ations using satellite altimetry are underestimated. The maif,ant 1. reservoirs outside the TE basin are also included
conclusions are however unchanged, namely that it is impory, estimate spatial leakage into the TE basin. Lake Tharthar

tant_ to ta_ke into account lake area and _position within the(2500 kn?) constitutes~ 35 % of the overall mass variabil-
basin of interest to accurately compute impact on GRACEity in the basin, with~ 7 m water level decrease-(L7 kn?)

esUma@es.. ) ) ) ] during the recent three year drought between October 2007 to
Application of GRACE data in this region to estimate gentember 2009. As it is located near the center of the basin
groundwater storage variations is subject to careful Cons'd(Experiment 1) and has a reduced small area (Experiment 2),
eration of three main points: (1) the impact of surface wateris iq expected to contribute significantly to the GRACE sig-
from reservoirs, and also long-term storage variations from, 5 predicted impact of reservoir storage to CSR (seasonal

temporary lakes located further west in the Tushka depresy, iations~ 6.8 mm. 5.4 krd) is nearly twice as large as the

sion. These lakes are created by unusual water rise in Lakg,m of reservoir storage variations uniformly distributed over
Nasser induced by high preC|p|tat|on.|n the Ethiopian H|gh- the basin (3.9 mm or 3 kfpsee Table 2, Fig. 4d). In addition,
lands (Abdelsalam et al., 2008). During the last wet period,i,q effect for GRGS is larger than for CSR (not shown), giv-

these lakes covered an area of 1586 kRecharge of the Nu- ing GRGS larger seasonal maxima and minima on time series
bian aquifer by these intermittent lakes is insignificant as they§Fig_ 4d).

are underlain by impermeable shale and chalk formations. (2) \wyhile artificial reservoirs cover only 0.8% of the

The complex nature of the aquifer system also needs t0 bégq 000 krf basin, they account for about 10 % of seasonal
considered. NAS is confined over most of the northern half,, o, storage variations on GRACE 60 mm, 47 krd; Ta-

of the aquifer, where most pumping stations are located, bupe 5 Fig. 4). As a result the cycle of water storage variations
also overlain by the unconfined post-Nubian aquifer systéMyjitars from natural storage variations simulated by GLDAS
(3). Low GRACE sigqal amplitude in this region (note high snow and soil moisture changes 43 mm, 34 krd) — which
noise amphtudg on Fig. _3b) may also be aﬁectgd F)y potentialyyas not include reservoirs causing a 15day phase shift in
Ieakage from high amplitude water storage variations farthek,o seasonal signal (Tables 2 and S2). Indeed, the role of ir-
south in the recharge area (Abdelsalam et al., 2008). rigation is to store water from times of excess for use dur-
ing dry periods, which shifts the phase towards the summer
season. Summing predicted reservoir storage with GLDAS
shows improved agreement with GRACE in both amplitude
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Table 2. Comparison between GRACE changes in soil moist&t8NIS) and snow water equivalera WES) from GLDAS (mean of
CLM, MOSAIC, NOAH, VIC models) and reservoir storage chang&RESS) for Tigris—Euphrates basin. Please refer to supplementary
material Table S1 for comparison with more LSM models. Uncertainty is given as the impact of variabi8M$S+ A SWES among LSMs

in GLDAS. Uncertainty ofARESS is not taken into account

GRACE ASMS+ ComputedARESS ARESS from  ASMS+

CSR ASWE from contribution to altimetry ASWE +

GLDAS GRACE (ABS) (TBS) ARESS

Seasonal amplitude [mm] 60+7 43+5 6.8 (10 %) 3.92(6%) 45.1+5
Phase (seasonal) [ days ] Reference —22 +15 -12
Correlation Reference 0.89 0.95
RMS with GRACE [ mm ] Reference 31 23
Trend (2002/10-2009/09) [ mm/year] —11+0.8 —5.84+2.3 —4.2(40%) -2.25(20%) -9.9+2.3
Trend (2002/10-2009/09) [ k¥fyear] —8.6+0.6 —4.6+1.8 —-3.3(40%) -1.75(20%) -7.8+1.8
Trend (2006/10-2009/09) [ mm/year] —39+4 —16+6.0 —-19(49%) —11(28%) —34+6.0
Trend (2006/10-2009/09) [ kiyear | —31+3 —12+4.8 —-15(49%) —9.1(28%) —27+4.8

and phase; RMS differences are also reduced by 25 % (Tapact of reservoir storage explain most of the GRACE sig-
bles 2 and S2). nal, at both seasonal and interannual timescales. Ignoring
The improved agreement with GRACE TWS obtained by spatial distribution and areal extent of reservoirs would re-
addition of reservoir storage to GLDAS is likely greater sulted in estimated GWS declinesofL5 kn? (MOSAIC) to
for interannual variations (Fig. 4, Tables 2 and S2) because- 45 kn? (CLM) during the 3 yr drought. Long-term ground-
reservoir management tends to become more important avater changes appear limited, or possibly related to surface
longer timescales to mitigate drought. Reservoir depletionwater infiltration. The estimation of groundwater depletion
was estimated- 27 kn?® from satellite altimetry. Their im-  is supported by the sources of irrigation water (Siebert et al.,
pact on GRACE, however, reaches nearly twice this amoun2010). Indeed, while- 18 kn? area is equipped for irriga-
(~ 45 kn?P) after taking into account the distribution of reser- tion within the basin, only an estimated 20 % of the water
voirs, as expected after having studied the seasonal varias derived from groundwater based on analysis of data from
tions. about the year 2000. Recent modeling studies also indicate
The latter evaluation considers an additive method to corthat return flow from irrigation with surface water replen-
rect for bias leakage. The computation of a multiplicative ishes groundwater in this region (Ddll et al., 2012). These
factor on this region leads to similar results. When consider+esults differ from those of Voss et al. (2013) and the cause
ing GLDAS-NOAH ASMS+ASWES as an a priori for wa- may be related in part to their lack of consideration of reser-
ter distribution, the multiplicative factor for this region leads voir location and area on GRACE water storage estimates
to a factor 1.10 for CSR and 1.02 for GRGS. When addingand also to differences in basin areas.
reservoir position and mass changes to the gridded GLDAS- The estimated impact of reservoirs on GRACE along with
NOAH, the multiplicative factor becomes 1.46 30 %) for SMS and SWES changes explains much of the apparent mass
CSR and 1.13410%) for GRGS. As a consequence the variability; however, several sources of error should be high-
impact of reservoirs on GRACE will be underestimated by lighted. First, SWES is a critical component in surrounding
30 % using CSR when considering the simple reservoir vol-mountains and GLDAS does not seem to accurately estimate
ume changes distributed over the basin. It is clear that thehese storage variations. Second, not all surface water bodies
accuracy of multiplicative factor to correct for bias/leakage have been taken into account in this analysis. For example,
is limited by the distribution of modeled storage componentssurface mass variations from the Mesopotamian marshes in
in LSMs, and each storage compartment would require a spesouthern Iraq are not included here yet their size increased
cific multiplicative factor to be representative. from 750 to 4000 krf between 2002 and 2005 (Jones et al.,
Declines in TWS during the three year drought (Octo- 2008), which may account for unmodeled interannual vari-
ber 2006 through September 2009) were 93K@SR) and  ations (Fig. 3d). Finally, lake volume variations were com-
91 kP (GRGS). Therefore, reservoir storage (ABS 45km  puted from water level using a constant area for 6 out of the
appears to explairr 50 % of trend in water storage changes 9 lakes. Both errors would lead to overestimation of long-
on GRACE estimates over the drought, while the actualterm depletion in water storage from surface water, but do
storage contribution (TBS) is limited to 30% at the basin not change the main conclusions.
scale (Table 2). Trends in SWE and SMS from LSMs was Total water storage depletion in this region may be re-
36 kn?, ranging from 17 krd (CLM) to 50 kn? (MOSAIC).  lated to the following factors. The first is impoundment and
Large uncertainty in LSM values, however, makes estima-operation of upstream dams, accumulating available water
tion of the groundwater contribution unreliable. That is, (Jones et al., 2008; Jongerden, 2010). The second is climatic
ASMS+ASWES from GLDAS in combination with the im-  in origin, a drought related to lower than normal rainfall and
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Fig. 4. () DEM and river network of the Tigris—Euphrates basin and location of the modeled lakes and resga)Bieservoir distribution

and standard deviation of lake level variations in mm for each of the nine Tigris—Euphrates reservoirs ar(d)lagesial distribution of

reservoir impact on GRACE after hard truncation at degree 50 (similar to GRGS proce&djregime agc) but after truncation at degree

60 and 300 km Gaussian smoothing (similar to CSR proceséidgYater storage variations for the Tigris—Euphrates basin from GRACE
GRGS and CSR, GLDAS SMS, predicted reservoir storage (RESS) impact on CSR and simple sum of reservoir storage changes distributec
over the basin(f) Rainfall and snowfall anomaly over the Tigris—Euphrates basin.

snowfall in the upstream mountains 60 mm or 47.5kra critical for downstream reservoirs, which are more dependent
from 2006—2009 with respect to the 250 mm annual meanpn upstream river discharge and more affected by droughts.
Fig. 4f). Half of the total depletion in GRACE is linked to

soil mqisture over the e_ntire _region, the Othef half mainly_to4_3 Other regions with significant lake/reservoir

depleting Iraqi reservoirs (Fig. 4b). Reservoirs are the first contribution

hydrological storage compartments impacted by decreasing

inflows from the contributing area. Droughts are especially ) )
Other regions of the world have been selected to examine

the impact of lakes and surface water masses on GRACE
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(Table S1) and illustrate consequences expected from thby ground track spacing and fixed nadir pointing of recent
synthetic experiment: and current missions. To improve sampling of surface water

i. single lakes with significant mass variations (Guri

4.4

. A set of lakes (eastern African lakes, Fig. S5) illustrate

storage, Papa et al. (2010) proposed a multi-satellite product
) ) : to monitor surface water extent at monthly timescales with
Lake, Orinoco basin, 3900k Fig. S4 and Ta- o5y spatial resolution, and construction of resulting hyp-
bles S1, S3 and S4). In contrast to Lake Nasser, Gurgmetry curves from lake level and area data to constrain lake
Lake is located in a tropical climate with large natu- | 5jume variations (Cretaux et al., 2011).

ral seasonal storage fluctuations. The contribution of | 1e coming decade several new satellite altimetry mis-

this single reservoir representing less than 1% of thegjons are planned that will provide long-term continuous time
basin area is significant, similar to the SMS contribu-

’ X series of water levels over large lakes and reservoirs. New
tion modeled by NOAH, and explains 25% (50 mM) yemqte sensing imagery missions enabling land surface clas-
of seasonal variations in the lower Orinoco basin gfication (including water extent) will also be launched. For
(350000kr? ) and shifts the phase by 15 to 20 days example, several new satellites have been planned within the
(Table S3). This single lake explains nearly entirely g ronean Union framework of the Global Monitoring for
the positive GRACE trend for the investigated period gpyironment and Security (GMES). However, none of the
(20mmyear?, 7 km3 yr), while the NOAH modelin-  issions will be dedicated to continental hydrology, in con-
dicates a decreasing trend in SMS (Table S3). At they a4t 1o the Surface Water and Ocean Topography (SWOT)
scale of the Orinoco basin as a whole (LMRIGUI  goeliite, a joint NASA-CNES mission planned for a 2019
Lake still contributes~10% to seasonal water stor- |3 nch. It will be the first satellite designed to measure
age variations, and 65% of the trend at the scale of the,gtinental surface water. SWOT will provide a global in-
basin. ventory of all terrestrial water bodies whose surface area
exceeds 250 fmwith sub-monthly sampling (Biancamaria

lake contributions in eastern Africa (Xie et al., 2012). &t &l 2010). It should yield global sampling of many wa-

These eastern African lakes are interesting becauste" bodies too small to be measured with current satellites.
while most of lakes are located at the edge or out- The principal SWOT instrument will be a Ka-band radar in-

side Tanzania (1.2 MkR), the interannual lake con- terferometer (KaRIN), which will provide heights and co-
tribution is significant and reaches 80 mm in GRACE registered all weather imagery of water over 2 swaths, each
estimates (Fig. S5). Moreover, in the north Tanzanian®0 km wide, with an 3xpected absqlute height precision over
coastal basin (355 000 Kinlocated 300 km from the lakes of 100 mmkm<. The potential of SWOT measure-
lakes, the predicted lake effect on GRACE differs for ments will be enhanced when coupled with other remote
the two processing strategies (CSR and GRGS); the);ensing data, and the GRACE follow-on mission especially.

have different leakage signs in this region. This is con-SWOT should considerably improve our understanding of
firmed when computing the difference between csRrlakes and reservoirs water balance and their impact on conti-

and GRGS. After filtering the high-frequency noise, Nental total water storage.

the long-term residuals show a clear correlation with
Lake Victoria water level variations (= 0.88). While .
Lake Victoria is more than 300 km from the outline of 5 Conclusions

the north Tanzanian coastal basin, leakage from this i i . . -
lake still has a large amplitude and explains the differ- We have investigated how spatial concentration and distribu-

ences between the two GRACE processing strategies.tion of Wgter masses al_‘fect GRACE water storage estimates.
Reservoirs, lakes, glaciers, and small-scale groundwater sys-

Surface Water Ocean Topography (SWOT) mission  tems with spatial scales well below GRACE nominal reso-

perspective lution act as point masses that significantly contribute to the
GRACE signal when water storage variations are sufficiently

Accurate GRACE estimates with substantial reservoir and/oflarge.
lake storage changes will improve by incorporating a pri- Two synthetic experiments illustrate a number of points
ori information regarding both location and amount of water relevant to interpreting GRACE estimates as basin-wide av-
masses into GRACE processing. Surface water has a largerage water storage changes. Conclusions apply to any basin
impact on TWS for large lakes with large volume variations with irregular water storage distribution, whether due to hu-
(e.g., Lake Nasser, Guri Lake). A similar effect is expectedman activity or not. The impact of the concentrated mass on
in regions with large numbers of small lakes varying coher-water storage changes depends on the location and areal ex-
ently (e.g., the Aral Sea region, the eastern African lakes, theent of the reservoirs, the basin area, and GRACE process-
Canadian Prairie, Yirdaw et al., 2008). ing. The quantitative effect of water mass concentration on
The value of supplementary information from satellite al- GRACE estimates is not obvious, especially for small basins.
timetry to monitor lake levels is evident, although limited Forward modeling shows that if reservoir storage is assumed
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to be uniformly distributed, then the result may be an un-will be improved once it is possible to combine independent
derestimation (when near the basin center) or overestimatiomformation on spatial distribution of water with GRACE ob-
(near the basin margin) by up to a factor of 2. Consequentlyservations, even when reservoir storage is not a major factor
the contribution of reservoir storage changes to GRACE storwithin a basin.
age changes is unlikely to be equal to a simple sum of reser-
Voir storage variations. In addition, mass changes outside a
basin of interest may contribute significantly because of leak-Supplementary material related to this article is
age into the basin. available online athttp://www.hydrol-earth-syst-sci.net/
We have applied these results to several basins that cont7/4817/2013/hess-17-4817-2013-supplement.pdf
tain significant anthropic reservoir management in the Mid-
dle East, and additional basins from different climate zones
in the supplementary material. In the lower Nile basin, com-
bining information on the position and extent of water bodies _ o
and water level variations from radar altimetry allows us to AcknowledgementsiVe used the Matlab computation suite "spher-
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