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Abstract

GRACE (Gravity Recovery and Climate ExperimenteBiéé data monitor large-scale
changes in total terrestrial water storagé\W(/S) providing an invaluable tool where in situ
observations are limited. Substantial uncertaiatgains, however, in the amplitude of
GRACE gravity signals and the disaggregation of TMi8 individual terrestrial water stores
(e.g. groundwater storage). Here, we test the plwage@mplitude of three GRACETWS
signals from 5 commonly-used gridded products, N&ASA’'s GRCTellusCSR, JPL GFZ;
JPL-Mascons; GRGS GRACE) using in situ data andathed soil-moisture from the Global
Land Data Assimilation System (GLDAS) in two sulsina (LVB: Lake Victoria Basin,
LKB: Lake Kyoga Basin) of the Upper Nile Basin. Téwealysis extends from January 2003
to December 2012 but focuses on a large and aetyriserved reduction inTWS of 83
km? from 2003 to 2006 in Lake Victoria Basin. We re\@abstantial variability in current
GRACE products to quantify the reduction ofFWS in Lake Victoria that ranges from 80

km?® (JPL-Mascons) to 69 kiand 31 km for GRGS and3RCTellus respectively.
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Representation of the phase in TWS in the Upper Bldsin by GRACE products varies but
is generally robust with GRGS, JPL-Mascons &RICTellug§ensemble mean of CSR, JPL
and GFZ time-series data) explaining 90 %, 84 %, #n% of the variance, respectively, in
‘in-situ’ or ‘bottom-up’ TWS in LVB. Resolution of changes in groundwaterage

( GWS) from GRACE TWS is greatly constrained by both uncertaintyharmges in soil-
moisture storage SMS) modelled by GLDAS LSMs (CLM, NOAH, VIC) andetow

annual amplitudes inGWS (e.g., 1.8 to 4.9 cm) observed in deeply weatherystalline
rocks underlying the Upper Nile Basin. Our studgttights the substantial uncertainty in the
amplitude of TWS that can result from different data-processingtegies in commonly

used, gridded GRACE products.

Keywords: GRACE products; terrestrial water storage; grountdwdard-rock aquifers;

Lake Victoria; Lake Kyoga; Sub-Saharan Africa

1. Introduction

Satellite measurements under the Gravity RecovayGlimate Experiment (GRACE)
mission have, since March 2002 (Tapley et al., 208dabled remote monitoring of large-
scale (i.e., GRACE footprint: ~200 000 Rmspatio-temporal changes in total terrestrial
water storage (TWS) at 10-day to monthly timescales (Longuevergna., 2013;

Humphrey et al., 2016). Over the last 15 yearslistuin basins around the world (Rodell and
Famiglietti, 2001; Strassberg et al., 2007; Leblanal., 2009; Chen et al., 2010;
Longuevergne et al., 2010; Frappart et al., 20adoB et al., 2012; Shamsudduha et al.,
2012;Arendtet al.,2013;Kusche et al., 2016) have demonstrated that GRA«D#lises trace
natural (e.g., drought, floods, glaciers and icéting sea-level rise) and anthropogenic (e.g.,

abstraction-driven groundwater depletion) influenoa TWS. GRACE-derived TWS



provides vertically-integrated water storage charngeall water-bearing layers (Wahr et al.,
2004; Strassberg et al., 2007; Ramillien et alo&@hat include (Eq. 1) surface water storage
in rivers, lakes, and wetlands§WS), soil moisture storage$MS), ice and snow water
storage (ISS), and groundwater storageGWS). GRACE measurements have over the last
decade become an important hydrological tool fadying basin-scale TWS (Guntner,
2008; Xie et al., 2012; Hu and Jiao, 2015) andrazesasingly being used to assess spatio-
temporal changes in specific water stores (Fantigéeal., 2011; Shamsudduha et al., 2012;
Jiang et al., 2014; Castellazzi et al., 2016; Lengl., 2016; Nanteza et al., 2016) where

time-series records of other individual freshwateres are available (Eq. 1).

(1)

GRACE-derived TWS derive from monthly gravitational elds whiclac be represented as
spherical harmonic coefficients that are noisyegsated in north-south elongated linear
features or “stripes” on monthly global gravity psg Swenson and Wahr, 2006; Wang et al.,
2016). Post-processing of GRACE SH data is theeafequired. The most popular GRACE
products are NASA'§SRCTelludand gravity solutions (i.e., spherical harmorbesed CSR,
JPL and GFZ), which require scaling factors to vecspatially smoothed TWS signals
(Swenson and Wahr, 2006; Landerer and Swenson).2Additionally, NASA’s new

monthly gridded GRACE product, Mass Concentratitmtks (i.e., Mascons), estimate
terrestrial mass changes directly from inter-sidedicceleration measurements and can be
used without further post-processing (Rowlandd.e2@10; Watkins et al., 2015). GRGS
GRACE are also spherical harmonic-based productsladle at a 10-day timestep and can
also be used directly since gravity fields areifitadal during the processing of GRACE

satellite data (Lemoine et al., 2007; Bruinsma .e2810).



Restoration of the amplitude GRCTellusTWS data, dampened by spatial Gaussian filtering
with a large smoothing radius (e.g., 300 to 500,kenyommonly achieved using scaling
factors that derive from a priori model of fresheragtores, usually a global-scale Land-
Surface Model or LSM (Long et al., 2015). Howeggnal-restoration methods are
emerging that do not require hydrological model®M (Vishwakarma et al., 2016).
Substantial uncertainty nevertheless persistsamtagnitude of applied scaling factors (e.g.,
GRCTelluy and corrections (Long et al., 2015). In situ elaagons provide a valuable and
necessary constraint to the scaling of TWS sigonads a particular study area as no

consistent basis for ground-truthing these factaists.

The disaggregation of GRACE-derivedWS anomalies into individual water stores (Eq. 1)
is commonly constrained by the limited availabilifyobservations of terrestrial freshwater
stores (i.e., SWS, SMS, GWS, ISS). Indeed, a major source of uncertainty in the
attribution of GRACE TWS derives from the continued reliance on modell8§S
derived from LSMs (i.e., CLM, NOAH, VIC, MOSAIC) wier the Global Land Data
Assimilation System or GLDAS (Rodell et al., 20@)d remote-sensing products
(Shamsudduha et al., 2012; Khandu et al., 2016}héy analyses of GRACE-derived
GWS often assumeSWS is limited (Kim et al., 2009) yet studies ire thumid tropics and
engineered systems challenge this assumption shdhaét it can overestimateGWS
(Shamsudduha et al., 2012; Longuevergne et al3)2&bbust estimates olGWS from
GRACE gravity signals have, to date, been develapéatations where SWS is well
constrained by in situ observations and groundwatesed intensively for irrigation so that
GWS comprises a significant (>10 %) proportion 0\WS (Leblanc et al., 2009;

Famiglietti et al., 2011; Shamsudduha et al., 2@&&nlon et al., 2015). In Sub-Saharan



Africa, intensive groundwater withdrawals are regtd to a limited number of locations
(e.g., irrigation schemes, cities) and constraimgtbw-storage, low-transmissivity aquifers
in the deeply weathered crystalline rocks thateuinel ~40 % of this region (MacDonald et
al., 2012) including the Upper Nile Basin (Fig. Cpnsequently, the ability of low-resolution
GRACE gravity signals to traceGWS in these hard-rock environments is uncleaedent
study (Nanteza et al., 2016) applies NAS&RCTellug§CSR GRACE) data over large basin
areas (>300 000 Kinof East Africa and argues thaGBWS can be estimated with sufficient
reliability to characterise regional groundwatestsyns after accounting folSWS by

satellite altimetry and SMS data from the GLDAS LSM ensemble (Rodell et2004).

Here, we exploit a large-scale reduction and regowvesurface water storage that was
recorded within Lake Victoria (Fig. 1), the worldsscond largest lake by surface area (67
220 knf) (UNEP, 2013) and eighth largest by volume (2 k86) (Awange et al., 2008).
This well-constrained reduction ifSWS comprises a decline in lake level of 1.2 m ketw
May 2004 and February 2006, equivalent to a lakeemalume ( SWS) loss of 81 krthat
resulted, in part, from excessive dam releases gigVe test the ability of current GRACE
products to represent the amplitude and phasa¥tfuminous and well-constrained
change in freshwater storage. Our analysis focosd®th the Lake Victoria Basin (hereafter
LVB) (256 100 knf) and Lake Kyoga Basin (hereafter LKB) (79 270%k(fig. 1). Applying
in situ observations of SWS and GWS combined with simulatedSMS by the GLDAS
LSMs, we assess: (1) the ability of current grid@RIACE products (i.e GRCTellusJPL-
Mascons, GRGS GRACE) to measure a well constraif@dS in the Upper Nile Basin
from 2003 to 2012 focusing on the unintended expent within the LVB from 2003 to
2006; and (2) the sensitivity of a disaggregatedAGR TWS signals to traceGWS in a

deeply weathered crystalline rock aquifer systenmdedying the Upper Nile Basin.



2. The Upper Nile Basin
2.1 Hydroclimatology

The Upper Nile Basin, the headwater area of thdG€B000 km Nile Basin (Awange et al.,
2014), includes both the Lake Victoria Basin (LVd)d Lake Kyoga Basin (LKB). Mean
annual rainfall over the entire basin varies fros0 6 2900 mm (TRMM monthly rainfall;
2003 2012) with an average of 1300 mm and standi@dation of 354 mm (Fig. 3). Mean
annual gauged rainfall at different stations, JiBjagondo and Entebbe measured is 1195,
1004 and 1541 mm, respectively (Owor et al., 20R&)nfall over Lake Victoria is typically
25 30 % greater than that measured in the surraumpdatchment (Fig. 3), which is partially
explained by the nocturnal ‘lake breeze’ effectn(’dhd Nicholson, 1998; Nicholson et al.,

2000; Owor et al., 2011).

Estimates of mean annual evaporation from the cerdé Lake Victoria vary from 1260 mm

(UNEP, 2013) to 1566 mm (Hoogeveen et al., 201%reds mean annual evaporation from
the surface of Lake Kyoga is estimated to vary fd?5 mm (Brown and Sutcliffe, 2013) to
1660 mm (Hoogeveen et al., 2015). Evapotranspedhixes from the surrounding swamps
in Lake Kyoga are estimated to be much higher @pdcximately 2230 mm ¥r(Brown and

Sutcliffe, 2013).

Annual rainfall is predominantly bimodal in distuon (Fig. 4) with two distinct rainy
seasons driven by the movement of the Intertroficaivergence Zone (ITCZ) (Awange et
al., 2013). Long rains (March to May) and shorhsaiSeptember to November) account for
approximately 40% and 25% of annual rainfall resipely (Basalirwa, 1995; Indeje et al.,

2000). The latter rainfalls are particularly infheed by EI-Nifio Southern Oscillation



(ENSO) and Indian Ocean Dipole (I0D). GRACE-dedivd WS within the LVB shows a

statistical associatiorRf) of 0.56 with ENSO and 0.48 with IOD (Awange et a014).

2.2 Lakes Victoria and Kyoga

Located between 31°39’ E and 34°53’ E longitudesl, @20’ N and 3°00’ S latitudes, Lake
Victoria (Fig. 1) is located in Tanzania, Uganda &enya where each accounts for 51 %, 43
% and 6 % of lake surface area respectively (Ketza., 2012). Lake Victoria is relatively
shallow with a mean depth of ~40 m and a maximupttdef 84 m (UNEP, 2013) akin to
many shallow, open surface-water bodies as wegleawianent and seasonal wetlands
occupying low relief plateau across the Great Lakegion of Africa (Owor et al., 2011).
Moreover, the western and northwestern lake bathrynsecharacterised by even shallower
depths of between 4 and 7 m (Owor, 2010). Hydrallty, lake input is dominated by direct
rainfall (84 % of total input); the remainder desvprimarily from river inflows as direct
groundwater inflow (<1 %) is negligible (Owor et,&011). Approximately 25 major rivers
flow into Lake Victoria with a total catchment arefa~194 000 krfi the largest tributary,
River Kagera, contributes ~30 % of total river avils (Sene and Plinston, 1994). Lake

Victoria outflow to Lake Kyoga occurs at Jinja (Fig.

Lake Kyoga (Fig. 1), located between 32°10’ E aatP8’ E longitudes, and 1°00’ N and
2°00 N latitudes, has a mean area of 1 726 with an estimated mean volume of 12%m
(Owor, 2010; UNEP, 2013). According to the recdnbgl HydroSHEDSHydrological data
and maps based on shuttle elevation derivativesudiiple scales) database, the Lake Kyoga
has a total surface area of 2 729Kirehner et al., 2008). Lake Kyoga comprises |ateez
and flow-through conduit areas. The lake zone ikelldyoga is very shallow with a mean

depth of 3.5 to 4.5 m (Owor, 2010). Lake Kyoga adlsrough-flow channel (mean depth 7



to 9 m) where the main Victoria Nile River flowsOr, 2010) and acts as a linear reservoir
with the annual water balance predominantly gowimethe discharge of the Victoria Nile
from Lake Victoria. Lake Kyoga has a through-flomaanel (mean depth 7 9 m) where the
main Victoria Nile River flows (Owor, 2010). Whilsumerous rivers flow into Lake Kyoga
(e.g. Rivers Mpologoma, Awoja, Omunyal, Abalangwéhy, Sezibwa and Enget) (Owor,
2010), the majority contributes a fraction of tHeirmer volume upon reaching the lake
(Krishnamurthy and Ibrahim, 2013) due, in partew@apotranspirative losses from fringe

swamp areas (4 510 Kjsurrounding the lake (UNEP, 2013).

2.3 Hydrogeological setting

The Upper Nile Basin is underlain primarily by dgeweathered crystalline rock aquifer
systems that have evolved through long-term, tecatig-driven cycles of deep weathering
and erosion (Taylor and Howard, 2000). Groundwateurs within unconsolidated regoliths
or ‘saprolite’ and, below this, in fractured bedtpknown as ‘saprock’. Bulk transmissivities
of the saprolite and saprock aquifers are genel@iiy(1 to 20 M d*) (Taylor and Howard,
2000; Owor, 2010) and field estimates of the speygitld of the saprolite, the primary
source of groundwater storage in these aquifeesystare 2 % based on pumping-tests with
tracers (Taylor et al., 2010) and magnetic resomananding experiments (Vouillamoz et al.,
2014). Borehole yields are highly variable but gatie low (0.5 to 20 mh™) yet are of

critical importance to the provision of safe drimgiwater.

2.4 An observed reduction in TWS in the LVB

In 1954, the construction of the Nalubaale Damn(ienly Owen Falls Dam) at the outlet of
Lake Victoria at Jinja transformed the lake intooatrolled reservoir (Sene and Plinston,

1994). Operated as a run-of-river hydroelectriggumbto mimic pre-dam outflows, the



‘Agreed Curve’ between Uganda and Egypt dictated deleases that were controlled on a
10-day basis and generally adhered to, with congiensdischarge releases to minimise any
departures, until the construction of the Kiira daindinja in 2002 (Sene and Plinston, 1994,

Owor et al., 2011).

The combined discharge of the Nalubaale and KimenB enabled total dam releases (Fig. 2)
to substantially exceed the Agreed Curve (Sutchfid Petersen, 2007) and between May
2004 and February 2006 the lake level dropped Bynl(equivalent SWS loss of 81 ki)
(Owor et al., 2011). Mean annual releases were 188§ (+162 % of Agreed Curve) in
2004 and 1114 m3's(+148 % of Agreed Curve) in 2005. Sharp reductiondam releases in
2006 helped to arrest and reverse the lake-leaingewith lake levels stabilising by early

2007.

3. Data and Methods
3.1 Datasets

We use publicly available time-series records bf:GRACE TWS solutions from a number
of data-processing strategies and disseminatiomeseimcluding NASA’'SGRCTelludand
solutions [RLO5 for CSR, GFZ (version DSTvSCS146G®)05.1 for JPL (version
DSTvSCS1411) and JPL-Mascons solution (version RLOABMSCNvO01)]as well as the
French National Centre for Space Studies (CNES) SR@&ution (version GRGS RL03-v1);
(2) NASA's Global Land Data Assimilation System (BAS) simulated soil moisture data
from 3 global land surface models (LSMs) (CLM, NOAHC); and (3) monthly
precipitation data from NASA'’s Tropical Rainfall suring Mission (TRMM) satellite

mission. We also employ in-situ observations o€lékvels and groundwater levels from a



network of river gauges and monitoring boreholesraged by the Ministry of Water and

Environment in Entebbe (Uganda). Datasets arelpdescribed below.

3.1.1Delineation of basin study areas

Delineation of the Lake Victoria Basin (LVB) andieaKyoga Basin (LKB) was conducted
in Geographic Information System (GIS) environmemder ArcGIS (v.10.3.1) environment
using the ‘Hydrological Basins in Africa’ dataseterived fromHydroSHEDSJatabase
(available at http://www.hydrosheds.org/) (Lehnieale 2006, 2008). Regional water bodies
including Lakes Victoria and Kyoga (Fig. 1) werasally defined by the Inland Water
dataset available globally at country scale froi AGIS (Hijmans et al., 2012). Computed
areas of the basins and lake surface areas areasathin Table 1 along with previously

estimated figures from other studies.

3.1.2 GRACE-derived terrestrial water storage (TWS)

Twin GRACE satellites provide monthly gravity vdrtas interpretable asTWS (Tapley

et al., 2004) with an accuracy of ~1.5 cm (EquintMater Thickness or Depth) when
spatially averaged (Wahr et al., 2006). In thiglgtwe apply 5 different monthly GRACE
solutions for the period of January 2003 to Decar20d2: post-processed, gridded (1° x 1°)
GRACE-TWS time-series records fronGRCTelludand solutions from CSR, JPL and GFZ
processing centres (available at http://graceggkrgov/data) (Swenson and Wahr, 2006;
Landerer and Swenson, 2012), JPL-Mascons (Wadtiak, 2015; Wiese et al., 2015), and

GRGS GRACE products (CNES/GRGS release RLO3-vBn(&ile et al., 2006).

GRCTelludand solutions are post-processed from two vessiBL05 and RL05.1 of

spherical harmonics released by the Universityexab at Austin Centre for Space Research
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(CSR) and the German Research Centre for Geossi®&utedam (GFZ), and the NASA'’s
Jet Propulsion Laboratory (JPL) respectiv€l)RCTelluggridded datasets are available at
monthly timestep at a spatial resolution of 1° X411 km at equator) though the actual
spatial resolution of GRACE footprint is ~450 km~&00,000 krh (Scanlon et al., 2012).
Post-processing ddRCTellusGRACE datasets primarily involve (i) removal ofmatspheric
pressure or mass changes based on the Europeae @emMfledium-Range Weather
Forecasts (ECMWF) model; (ii) a glacial isostatipustment (GIA) correction based on a
viscoelastic 3-D model of the Earth (A et al., 20Ehd (iii) an application a destriping filter
plus a 300-km Gaussian to minimise the effect ofetated errors (i.e., destriping)
manifested by N-S elongated stripes in GRACE mgntidps. However, the use of a large
spatial filter and truncation of spherical harmareads to energy removal so scaling
coefficients or factors are applied to BRCTellusGRACE -derived TWS data in order to
restore attenuated signals (Landerer and Swen8d2).2Dimensionless scaling factors are
provided as 1° x 1° bins (see supplementary Fijtl&t derive from the Community Land

Model (CLM4.0) (Landerer and Swenson, 2012).

JPL-Mascons (version RLO5M_1.MSCNv01) data procesalso involves a glacial isostatic
adjustment (GIA) correction based on a viscoel&stix model of the Earth (A et al., 2013).
JPL-Mascons applies no spatial filtering as JPL-BM@lirectly relates inters-satellite range-
rate data to mass concentration blocks or Masa@astimate global monthly gravity fields
in terms of equal area 3° x 3° mass concentrationtfons to minimise measurement errors.
The use of Mascons and the special processing iashtter signal-to-noise ratios of the
mascon fields compared to the conventional spHdraranonic solutions (Watkins et al.,
2015). For convenience, gridded Mascons fieldpeseided at a spatial sampling of 0.5° in

both latitude and longitude (~56 km at the equatds)with GRCTellusGRACE datasets the
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neighbouring grid cells are not ‘independent’ offeather and cannot be interpreted
individually at the 1° or 0.5° grid scale (Watkietsal., 2015). Similar t&RCTellusGRACE
(CSR, JPL, GFZ) products, dimensionless scalintpfa@re provided as 0.5° x 0.5° bins
(see supplementary Fig. S2) that also derive fimenGommunity Land Model (CLM4.0)
(Wiese et al., 2016). The gain factors or scaliogffticients are multiplicative factors that
minimize the difference between the smoothed atittered monthly TWS variations from

‘actual’ land hydrology at a given geographicaldbon (Wiese et al., 2016).

GRGS/CNES GRACE monthly products (version RLO3-&B processed and made publicly
available (http://grgs.obs-mip.fr/grace) by thertetle Government space agency, National
Centre for Space Studies or Centre NationEkatles Spatiales (CNES). The post-processing
of GRGS data involves taking into account of grawitnal variations such as Earth tides,
ocean tides, and 3D gravitational potential ofdtraosphere and ocean masses (Bruinsma et
al., 2010). The remaining signals for time-varygrgvity fields therefore represent changes
in terrestrial hydrology including snow cover, baneic oceanic signals and effects of post-
glacial rebound (Biancale et al., 2006; Lemoinalgt2007). Further details on the Earth’s
mean gravity-field models can be found on the d@fieebsite of GRGS/LAGEOS

(http://grgs.obs-mip.fr/gracel/).

GRACE satellites were launched in 2002 to map #r&tions in Earth’s gravity field over

its 5-year lifetime but both satellites are stillaperation even after more than 14 years.
However, active battery management since 2011dththe GRACE satellites to be switched
off every 5 6 months for 4 5 week durations in ond® extend its total lifespan (Tapley et
al., 2015). As a result, GRACETWS time-series data have some missing recordsithat

linearly interpolated (Shamsuddudigal, 2012). In this study, we derivelT WS time-series
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data as equivalent water depth (cm eOusing the basin boundaries (GIS shapefiles) for

masking the 1° x 1° grids.

3.1.3Rainfall data

We apply Tropical Rainfall Measuring Mission (TRMNHuffman et al., 2007) monthly
product (3B43 version 7) for the period of Januz093 to December 2012 at 0.25° x 0.25°
spatial resolution and aggregate to 1° x 1° grids &VB and LKB. General climatology of
the Upper Nile Basin is represented by long-ter6082012) mean annual rainfall (Fig. 3)
and seasonal rainfall pattern (Fig. 4). TRMM ralinfaeasurements show a good agreement

with limited observational precipitation recordsi@nge et al., 2008; Awange et al., 2014).

3.1.4 Soil moisture storage (SMS)

NASA'’s Global Land Data Assimilation System (GLDAS)an uncoupled land surface
modelling system that drives multiple land surfatedels (GLDAS LSMs: CLM, NOAH,
VIC and MOSAIC) globally at high spatial and temglaresolutions (3-hourly to monthly at
0.25° x 0.25° grid resolution) and produces modslits in near-real time (Rodell et al.,
2004). These LSMs provide a number of output véemiwvhich include soil moisture storage
(SMS). Similar to the approach applied in the asigalpf GRACE-derived TWS analysis in
the Bengal Basin (Shamsudduha et al., 2012), wky appulated monthly SMS records at
a spatial resolution of 1° x 1° from 3 GLDAS LSM#ie Community Land Model (CLM,
version 2) (Dai et al., 2003), NOAH (version 2.7(Ek et al., 2003) and the Variable
Infiltration Capacity (VIC) model (version 2.7.1)iang et al., 2003). The respective depths
of modelled soil profiles are 3.4 m, 2.0 m, andrh.th CLM (10 vertical layers), NOAH (4
vertical layers), and VIC (version 1.0) (3 vertit@jers). Because of the absence of in situ

soil moisture data in the study areas we applynsemble mean of the aforementioned 3
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LSMs-derived simulated SMS time-series records (see Figs. 5 and 6) inrdaode

disaggregate GRACETWS signals in LVB and LKB.

3.1.5 Surface water storage (SWS)

Daily time-series of SWS are computed from in situ (gauged) lake-letskovations at

Jinja for Lake Victoria and Bugondo for Lake Kyadags. 1 and 2) compiled by the
Ugandan Ministry of Water and Environment (Direeterof Water Resources Management).
Mean monthly anomalies for the period of Januai§320 December 2012 were computed as
an equivalent water depth using Eq. (2). Missin@g dathe time series (2003 2012) records
are linearly interpolated. For instance, in casmohthly SWS derived from Lake Kyoga

water levels, there is one missing record (Decerabéb).

IIIIIHIIIIIIIIIIIIIIIIII" (2)

3.1.6 Groundwater storage (GWS) from borehole observatios

Time series of GWS are constructed from in situ piezometric resdrdm 6 monitoring
wells located in LVB and LKB where near-continuodaily observations exist from January
2003 to December 2012 and have been compiled byghaedan Ministry of Water and
Environment (Directorate of Water Resources Managgp({Owor et al., 2009; Owor et al.,
2011). Monitoring boreholes were installed into theaed, crystalline rock aquifers that
underlie much of LVB and LKB, and are remote fraydl abstraction. As such, they
represent variations in groundwater storage infteerprimarily by climate variability. Mean
monthly anomalies of GWS, standardised to mean records from January 20D8cember
2012, were derived from near-continuous, daily olet@ns at Entebbe, Rakai and

Nkokonjeru for LVB and at Apac, Pallisa and SofotiLKB (Fig. 1; Table 2; see
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supplementary Fig. S3). In the Lake Kyoga Basiezpmetric records from 3 sites show
consistency in the seasonality and amplitude afigdavater storage changes plotted as
monthly groundwater-level anomalies relative torean for the period from January 2003
to December 2012. In the Lake Victoria Basin, gahuater-level records from 2 sites
(Entebbe, Nkokonjeru) are similar in their phasé amplitude, and are influenced by
changes in the level of Lake Victoria as demonstidty Owor et al. (2011). The
groundwater-level record from Rakai representsllsemi-arid conditions that exist within
catchment areas (e.g., River Ruizi) draining tovtlestern shore of Lake Victoria in Uganda.
Although there are differences in the phase of iggetater-level fluctuations between the
semi-arid site at Rakai and both Entebbe and Nkekorfas well as the 3 sites in the Lake

Kyoga Basin), annual amplitudes are similar.

The groundwater-level time series data are a subfdke total number of available
monitoring-well records in the LVB and LKB and seked on the basis of (i) the
completeness and quality of the records from 20030t.2, and (ii) rigorous review of
groundwater-level records conducted at a dedicateishop at the Ministry of Water &
Environment in January 2013. These records reprabatiow groundwater-level
observations within the saprolite that is dynantycabnnected to surface waters (Owor et al.
2011). Long time-series records of groundwateelewover the period from 2003 to 2012
from western Kenya, northern Tanzania, Rwanda andrigli have not been identified
despite intensive investigations carried ouflyg Chronicles ConsortiumThe partial

spatial coverage in quality-controlled piezomeggpecially for the LVB, represents an

important limitation in our analysis.

! The Chronicles Consortium: https://www.un-igrag/special-project/chronicles-consortium
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Mean monthly anomalies were translated into anvedemt water depth (Eg. 3) by applying a
range of specific yield]) values (1 6 % with an average of 3 %) althoughireates ofS, in
hard-rock environments are observed to vary froB%<to 8 % (Taylor et al., 2010; Taylor et
al., 2013; Vouillamoz et al., 2014) using Eg. (@)ssing data in the time series were linearly
interpolated. In case of month\GWS that derived from borehole (n=6) observations,
missing records range from 1 9 months (120 month2003 2012) with three boreholes

(Soroti, Rakai and Nkonkonjero) with time-seriesarels ending in June July 2010.

#$ %$ I|I|IHI8|LI|I|I|II|I|I|I|I" (3)

3.2 Methodologies
3.2.1GRACE TWS estimation

First, the 1° x 1° gridded monthly anomalies of GRAderived TWS and GLDAS LSMs
derived SMS are masked over the area of LVB and LKB. GRAJ®VS along with
GLDAS SMS are extracted for the marked 1° x 1° grid delid VB and LKB and the grid

values are spatially aggregated to form time-sari@sonthly anomalies TWS and SMS.

GRCTellusGRACE TWS gridded data are scaled using dimensionlegkjegt scaling
factors. Several GRACE studies (Rodell et al., 2@ et al., 2010; Shamsudduha et al.,
2012) have applied scaling factors in three diffeseays: (1) single scaling factor based on
regionally averaged time series, (2) spatiallyrthsted or gridded scaling factors based on
time-series at each grid point, and (3) griddedidactors estimated as a function time or of
temporal frequency (Landerer and Swenson, 2012g lebral., 2015).. In this study, we apply
spatially-distributed scaling approach (method @va to generate basin-averagedWVs

time-series records f@RCTellugCSR, JPL, GFZ) products. Scaling factors providetl®
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x 1° grids are applied to each corresponding GRACR/S grids for NASA’'SGRCTellus
products in order to restore attenuated signaisglihe post-processing (Landerer and
Swenson, 2012) using Eq. (4). Similarly, provigedling factors are applied to JPL-
Mascons TWS time-series data but at 0.5° x 0.5° grid resaiu No scaling factors were
applied to GRGS GRACETWS as the monthly gravity solutions have alreaglgro

stabilised during their generation process.

Y L N R ) Y (4)

Here,g" (*+,+) represents each un-scaled grid wherepresents longitude, represents

latitude, and represents time (month), ahg¥+,. is the corresponding scaling factor.

For the 3GRCTelluggridded products (i.e., CSR, GFZ, and JPL solsdowe apply an
ensemble mean of scaled GRACEWS as our exploratory analyses reveal tHEMVS
time-series records over the Lake Victoria Baselaghly correlatedr(>0.95,p-value
<0.001) to each other. Additionally, small (ranfresn 1.3 to 1.9 cm) Root Mean Square
Error (RMSE) among the GRACETWS datasets suggests substantial similaritiehas@

and amplitude.

3.2.2 Estimation of GWS from GRACE

Estimation of groundwater storage changes\(VS) from GRACE measurements is
conducted using Eq. (5) in which is derived from gridded GRACE products (spatially
scaled TWS forGRCTellusand JPL-Mascons but unscalews for GRGS), is an
ensemble mean of 3 GLDAS LSMs (CLM, NOAH, VIC), and is area-weighted, in-

situ surface water storage estimated from laketl@aords using Eq. (2).
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3.2.3Reconciliation of GRACE TWS disaggregation

Reconciling GRACE-derived TWS with ground-basedertations is limited by the paucity
of in situ observations of SMS, SWS and GWS in mamyironments. In addition, direct
comparisons between in situ observations®MS, SWS and GWS and gridded GRACE
TWS anomalies are complicated by substantial diffees in spatial scales, which need to
be considered prior to analysis (Becker et al. 020&or example, individual groundwater-
level monitoring boreholes may represent, dependimgorehole depth, a sensing area of
several 10s of kin(Burgess et al., 2017), whereas the typical GRA@Hprint is ~200 000
km?. The disaggregation of GRACETWS into individual water store can also propagate
errors to disaggregated components. Here, we emsin situ’ or ‘bottom-up’ TWS (i.e.,
combined signals of SMS, SWS and GWS) for the Lake Victoria Basin and attempt to
reconcile with GRACE-derived TWS. One feature of GRACETWS among the 3
solutions we apply in this study is the considezalariation in annual amplitudes that exist

over the period of 2003 to 2012.

In addition, for theGRCTellugproducts, we conduct unconventional scaling expents,

outlined below in an attempt to reconcile satebitel in situ measures and to shed light on

the uncertainty in TWS amplitudes of th&RCTellusGRACE products. TheTWS signals

in CSR, JPL and GFZ products is greatly attenudtexito spatial smoothing and the

amplitude is substantially smaller compared to Mscons and GRGS products. In the first

scaling experiment, we apply an additional, baseraged, multiplicative scaling factor to
TWS ranging from 1.1 to 2.0 and employ RMSE to ss$keir relative performance. With
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reference t@&sRCTellusGRACE TWS and bottom-up TWS relationship, the scaling factor
producing the lowest RMSE between the two timeesas employed. Secondly, it is
observed that in the LVB,SWS is the largest contributor, representing ~5@%awce in the
in-situ or bottom-up TWS time-series signal. GRACETWS analyses commonly apply the
same scaling factor asTWS to all other individual components (Landered &wenson,
2012). Therefore, under the scaling experimentapy to in-situ SWS spatially-averaged
scaling factors representative of (i) Lake Victaral its surrounding grid cells (experiment
1:2=0.71; range 0.02 1.5), and (ii) the open-waterface of Lake Victoria without
surrounding grid cells (experiment2:0.11; range 0.02 0.30). Furthermore, we find thea
amplitude of monthly anomalies o0BWS+ SMS combined substantially exceedWsS (see
supplementary Fig. S4), particularly for tBRCTellusGRACE TWS signal that is greatly
smoothed due to filtering. This discrepancy is prarced over the period of 2003 2006, and
when applied to estimate GRACE-deriveBWS, produces steep, rising trends in the
estimated GWS (i.e., GRACE TWS ( SWS+ SMS)) whereas borehole observations of

groundwater levels show declining trend and of mlogker amplitude over the same period.

4. Results

Monthly time-series records (January 2003 to De@@mb12) are presented in Figures 5 and

6 respectively for Lake Victoria Basin (LVB) andkeaKyoga Basin (LKB) of (a) GRACE
TWS fromGRCTellusGRACE TWS (ensemble mean of CSR, GFZ, and JPL solutions),

GRGS and JPL-Mascons, (b) GLDAS land surface mdd&dis) derived SMS (ensemble

mean of 3 LSMs: NOAH, CLM, VIC), (c) in situSWS from lake levels records, and (d) in

situ  GWS borehole observations. Monthly rainfall deriviemm TRMM satellite

observations over the same period are shown obattem panel (d). Time-series records of

all TWS components and rainfall are aggregated for t&/Bepresent the average seasonal
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(monthly) pattern of each signal (Fig. 4) that sek@am obvious lag (~1 month) between peak

rainfall (March April) and TWS and its individual components.

Mean annual (2003 2012) amplitudes of various GRAG#ived TWS signals, bottom-up
TWS, ensemble mean of simulateBMS, in situ SWS and GWS time-series records
(Figs. 5 and 6) are presented (see supplementétg B4) for both LVB and LKB. Mean
annual amplitude of GRACETWS ranges from 11 to 21 cm amd@&CTellus GRGS and
JPL-Mascons GRACE products in LVB, and from 8.4604 respectively in LKB. Mean
annual amplitude of in situSWS is much greater (14.8 cm) in LVB than in LKB38m).
GLDAS LSMs derived ensemble meaBMS amplitude in LVB is 7.9 cm and 7.3 cm in
LKB. The standard deviation inSMS varies substantially in LVB (1.2 cm, 4.2 cmg &9
cm) LKB (1.3 cm, 4.7 cm, and 4.0 cm) for CLM, NOA&hd VIC models respectively.

Mean annual amplitude of in situtGWS ranges from 4.4 cm (LVB) to 3.5 cm (LKB).

Time-series correlation (Pearson) analysis ovaouarperiods of interests (decadal: 2003—
2012; well-constrained SWS reduction or a periodrohtended experiment: 2003—-2006;
controlled dam operation: 2007-2012) reveals tHRAGE-derived TWS signals are
strongly correlated in both LVB and LKB (see suppémtary Figs. S5-S10). For example, in
LVB, in situ  SWS shows a statistically significapr¢alue<0.001) strong correlation
(r=0.77-0.92) with all GRACE- TWS time-series (2003-2012) records. Similarly,
simulated SMS shows statistically significarq{/alue<0.001) strong correlatiom%£0.70—
0.78) with  TWS time-series records. In contrast, in siWS shows statistically

significant p-value<0.001) but moderate correlatior=(Q.63-0.69) with TWS time-series

records. Correlation among the variables showdairsiatistically significant-value
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<0.001) but wide-ranging associations for the miof unintended experiment (2003 2006)

and controlled dam operation (2007-2012). In LK8whver, correlation among in situ
SWS and GRACE TWS time-series records is statistically significgnvalue<0.05) but

poor in correlation strengtih<0.22—0.34). In situ GWS shows statistically significar«

value<0.001) strong correlatiom£0.64—0.69) with GRACE TWS time-series records.

Time-series records of all 3STWS from 5 GRACE products and bottom-upWS time-
series records in both LVB and LKB are shown inufgg7 and results of temporal trends are
summarised in Table 3. Statistically significgsiv@lue<0.05) declining trends (-4.1 to —
11.0 cm yi* in LVB; —2.1 to —4.6 cm yt in LKB) are consistently observed during the
period of 2003 to 2006. Trends are all positiv6&RACE TWS and bottom-up TWS
time-series records over the recent period of otlett dam operation (2007-2012) in both
LVB and LKB. Therefore, the overall, decadal (20R3%2) trends are slightly rising (0.04 to
1.00 cm yi') in LVB but nearly stable (=0.01 cm¥)rin GRCTellus TWS and slightly
declining (-0.56 cm yf) bottom-up TWS over LKB. In addition, short-term volumetric
trends (2003-2006) in GRACE and bottom-upVNS as well as simulatedSMS and in situ
SWS are declining whereas in sitGWS and rainfall anomalies show slightly risingle
over the same period in LVB (see supplementary. 84 S12). Similar trends are reported
in various signals over LKB but magnitudes are msicialler compared to that of LVB,
which is 3 times larger in size than LKB. Volumetdeclines in TWS in the LVB for the
period 2003 to 2006 are: 83 Rifbottom-up), 80 krh(JPL-Mascons), 69 ki{GRGS) and

31 kn? (GRCTellusensemble mean of CSR, JPL and GFZ products).
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Linear regression reveals that the associationdstvGRACE-derived TWS and bottom-up
TWS is stronger in LVBR=0.75 0.90) than in LKB R?=0.56 0.62) (see supplementary
Table S1). GRACE TWS is unable to explain natural variability in twoh-up TWS in
LKB though this may be explained by the fact thatSin Lake Kyoga is influenced by dam
releases from LVB. Multiple linear regression ahd Analysis of Variance (ANOVA) reveal
that the relative proportion of variability in both-up TWS time-series record can be
explained by SWS (92.6 %), SMS (6.5 %) and GWS (0.66 %) in LVB; and by 47.9 %,
48.5 % and 3.6 % respectively in LKB. These resalésindicative only as these percentages
can be biased by the presence of strong correlatimmg variables and the order of these

variables listed as predictors in the multiple #ineegression models.

Disaggregation of GWS from GRACE TWS time-series record from each product has
been carefully considered and estimated followigg (k). No further additional scaling
factors, as described in the ‘scaling experimeattion (see results of scaling experiment in
supplementary Fig. 13) are applied in the finahdgregation of GWS from GRACE

TWS signals. Results of Pearson correlation amalyisine time-series record (2003 2012)
of in situ  GWS in LVB show statistically insignificant and pamrrelation (=0.11,p-value
0.25) to JPL-Mascons and an inverse correlatioh tath the ensembl@RCTellus
(r=0.55, p-value <0.001) and GRG$H0.27, p-value=0.003) GRACE-derived estimates
of GWS (Fig. 8). In contrast, in LKB, in situGWS time-series record shows statistically
significant but weak correlations to JPL-Mascar€)(34,p-value <0.001) and GRGS
(r=0.39,p-value <0.001) GRACE-derivedGWS but shows an inverse correlation (.21,
p-value=0.02) taGRCTellus GWS (see supplementary Fig. S14). Furthermore, RMSE

among various GRACE-derived estimates GWSand in situ GWS ranges from 7.2 cm
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(GRACE ensemble), 3.8 cm (GRGS) to 8.2 cm (JPL-Maskin LVB, and from 3.2

(GRACE ensemble), 5.3 cm (GRGS) to 5.4 cm (JPL-Maskin LKB.

5. Discussion

We apply 5 different gridded GRACE produc®RCTellus- CSR, JPL and GFZ; GRGS
and JPL-Mascons) to tesTWS signals for in the Lake Victoria Basin (LVB)rogrising a
large and accurately observed reduction (83)km TWS from 2003 to 2006. Our analysis
reveals that all GRACE products capture this sulbstereduction in terrestrial water mass
but the magnitude of GRACETWS among GRACE products varies substantially. For
example GRCTellusunderrepresents greatly (63 %) the reduction d€r83in bottom-up
TWS whereas GRGS and JPL-Mascons GRACE productseptesent this by 17 % and
4 % respectively. Over a longer period (2003 20iR)he Upper Nile Basin, all GRACE
products correlate well with bottom-u@ WS but, similar to the unintended experiment,
variability in amplitude is considerable (Fig. $he average (2003 2012) annual amplitude
of TWS is substantially dampened (i.e., 45 % less bmwtom-up TWS) inGRCTellus
GRACE products relative to GRGS (4 %) and JPL-Masd@7 % more than bottom-up

TWS) products in the LVB.

The ‘true’ amplitude ilGRCTellus TWS signal is generally reduced during the post-
processing of GRACE spherical harmonic fields, awihy due to spatial smoothing by a
large-scale (e.g., 300 km) Gaussian filter anddation of gravity fields at a higher (degree
60 = 300 km) spectral degree (Swenson and Wahf;2@nhderer and Swenson, 2012).
Despite the application of scaling factors base@€bN v.4.0 to amplifyfGRCTellus TWS

amplitudes at individual grids, the basin-avera@adB) time-series record represents only
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75 % variability in bottom-up TWS. Scaling experiments conducted here reveal that
GRCTellus TWS requires an additional multiplicative factorlo? in order to match
bottom-up TWS with a minimum RMSE (5.8 cm). On the other halASA’s new gridded
GRACE product, JPL-Mascons, that applies a prionstraint in space and time to derive
monthly gravity fields and undergoes some degrespafial smoothing (Watkins et al.,
2015), represents nearly 83 % variability in bottopn TWS. In contrast, the GRGS
GRACE product, which applies truncation at degr@€¢-250 km) does not suffer from any
large-scale spatial smoothing, and is able to sgmewell (90 %) the variability ibottom-

up TWSinthe LVB.

A priori corrections ofGRCTellusensemble mean GRACE signals using a set of LSM-
derived scaling factors (i.e., amplitude gain) ad to substantial uncertainty iTWS

(Long et al., 2015). We show that the amplitudsiofulated terrestrial water mass over the
Upper Nile Basins varies substantially among vaib8Ms (see supplementary Fig. S15).
Most of these LSMs (GLDAS models: CLM, NOAH, VIC) aiot include surface water or
groundwater storage (Scanlon et al., 2012). Altlho@gM (v.4.0 and 4.5) includes a simple
representation (i.e., shallow unconfined aquifégroundwater (Niu et al., 2007; Oleson et
al., 2008), it does not consider recharge frongation return flows. In addition, many of
these LSMs do not consider lakes and reservoirsraodt critically, LSMs are not

reconciled with in situ observations.

The combined measurement and leakage e3ps,/ © 6. (Swenson and Wabhr,
2006) forGRCTellus TWS based on CLM4.0 model for LVB and LKB are 72 and 6.6
cm respectively. These values, however, do noesgmt mass leakage from the lake to the

surrounding area within the basin itself. A semgiianalysis oilGRCTellusand GRGS
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signals reveal that signal leakage occurs from takes surrounding basin area as well as
between basins. For instance, GRACE signal leakagd KB from LVB, which is 3 times
larger in area than LKB, is 3.4 times bigger fotthGRCTellus GRACE and GRGS
products. Furthermore, the analysis shows thatlgakrom Lake Victoria to LVB for
GRCTellugs substantially greater than GRGS product byctofeof ~2.6. In other words, 1
mm change in the level of Lake Victoria represam®quivalent change of 0.12 mm in
TWS in LVB for GRCTelluscompared to 0.32 mm for GRGS. Consequently, claimge
the amplitude of GRGSTWS are much greater (~38 %) th@RCTellusDuring the
observed reduction inTWS (83 knf) from 2003 to 2006, the computed volumetric

reduction for GRGS is found to be 69 kwhereas it is 31 kirfor GRCTellus

Another source of uncertainty that contributes talval WS anomalies in GRACE analysis
is the choice of simulatedSMS from various global-scale LSMs (e.g., Shamshéddat al.,
2012; Scanlon et al., 2015). For example, the naeaoal (2003 2012) amplitudes in
simulated SMS in GLDAS LSMs (CLM, NOAH, VIC) vary substantigiin LVB (3.5 cm,
10.2 cm, and 10.5 cm) and LKB (3.7 cm, 10.6 cm, Aiiccm) respectively. Due to an
absence of a dedicated monitoring network for mmiisture in the Upper Nile Basin, this
study like many other GRACE studies, is resignedpplying simulated SMS from

multiple LSMs arguing that the use of an enseml@amminimises the error associated with

SMS (Rodell et al., 2009).

Computed contributions ofGWS to TWS in the Upper Nile Basins are low (<10 %).
GRACE-derived estimates ofGWS from all three product&SRCTellus GRGS and JPL-
Mascons) correlate very weakly with in sitGWS in both LVB and LKB. One curious

observation in LVB during the unintended experim@®03 2006) is that in situ GWS
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rises whereas in situSWS and simulatedSMS decline. The available evidence in
groundwater-level records (e.g., Entebbe, Uganagiggests that rainfall-generated
groundwater recharge led to an increased@WS while dam releases exceeding the

“Agreed Curve” continued to reduce&SWS (Owor et al., 2011).

Uncertainties in the estimation of GRACE-derive@WS remain in: (i) accurate
representation of the largest individual signahe$itu SWS in the disaggregation of
GRACE TWS signal as it can limit the propagation of utaity in simulated SMS, (ii)
simulated SMS by GLDAS land surface models, (iii) the veryilied spatial coverage in
piezometry to represent in sittGWS, and (iv) applied., (3 % with range from 1 % to 6 %)
to convert in situ groundwater levels t&WS. The lack of any strong correlation in
GRACE-derived GWS and in situ GWS time-series records indicates that the magaitud
of uncertainty is larger than the overall varidgiln GWS in low-storage, low-
transmissivity weathered crystalline aquifers witthie Upper Nile Basin. Furthermore,
statistically significant but negative correlatiangoth LVB and LKB arise from a positive
change in GRACE-derivedGWS when in situ GWS is declining (e.g., 2003 to 2006 in
LVB; 2008 to 2010 in LKB). This inconsistency sugtgethat the ‘true’ GRACETWS
signal is weakened during processing and thatah#bmmed SWS+ SMS signal is greater
than TWS, mathematically resulting to a positive estienat GWS. In contrast to the
assertions of Nanteza et al. (2016) applyingGRCTellusCSR solution, we find that this
uncertainty prevents robust resolution @WS from GRACE TWS in these complex
hydrogeological environments of East Africa. Desiibstantial efforts to improve
groundwater-level monitoring and to collate exigtgroundwater-level records across
Africa, we recognise that understanding of in siG\WS remains greatly constrained by

limitations in current observational networks aadards. Since present uncertainties and
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limitations identified in the Upper Nile Basin oedn many of the weathered hard-rock
aquifer environments that underlie 40% of Sub-Sam&frica (MacDonald et al., 2012),
tracing of GWS using GRACE in these areas is unlikely to liisd until these

uncertainties and limitations are better constidine

6. Conclusions

The analysis of a large, accurately recorded réaluctf 1.2 m in the water level of Lake
Victoria, equivalent to SWS decline of 81 krtfrom 2004 to 2006 exposes substantial
variability among commonly-used 5 gridded GRACEduats GRCTellusCSR, JPL, GFZ,
GRGS; JPL-Mascons) to quantify the amplitude oihgjes in terrestrial water storage

( TWS). Around this event, we estimate an overallidean ‘in situ’ or ‘bottom-up’ TWS
(i.e., in situ SWS and GWS; simulated SMS) over the Lake Victoria Basin (LVB) of 83
km?® from 2003 to 2006. This value compares favourabtih JPL-Mascons GRACETWS
(80 knT), is underrepresented by GRGS GRACEWS (69 knf), and is substantially
underrepresented by the ensemble me@®RETellusGRACE TWS (31 k). Attempts to
better reconcil&SRCTellusGRACE TWS to bottom-up TWS through scaling techniques
are unable to represent adequately the observelitadepn TWS but highlight the
uncertainty in the amplitude of gridded GRACEWS datasets generated by various

processing strategies.

From 2003 to 2012, GRGS, JPL-Mascons &RCTellusGRACE products trace well the
phase in bottom-upTWS in the Upper Nile Basin that comprises bothltk® and Lake
Kyoga Basin (LKB). In the LVB for example, each &dps 90 % (GRGS), 83 % (JPL-
Mascons), and 75 %R CTellusensemble mean of CSR, JPL and GFZ) of the varjance

respectively, in bottom-upTWS. The relative proportion of variability in both-up TWS
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(variance 120 cALVB, 24 cnf LKB) is explained by in situ SWS (93 % LVB; 49 %

LKB), GLDAS ensemble meanSMS (6 % LVB; 48 % LKB) and in situGWS (~1 %

LVB; 4 % LKB); these percentages are indicative ead vary as individual TWS
components are strongly correlated and the ordekpiinatory variables in regression
equation can affect the Analysis of Variance (ANQVI situ GWS contributes minimally
to TWS and is only moderately associated with GRAQRVS (strongest correlation of
r=0.39,p-value <0.001). Resolution oflGWS from GRACE TWS in the Upper Nile Basin
relies upon robust measures WS and SMS; the former is observed in situ whereas the
latter is limited by uncertainty in simulatedMS, represented here and in many GRACE
studies by an ensemble mean of GLDAS LSMs. Meanaramplitudes in observedcWS
(2003 2012) from limited piezometry for the low-stge and low-transmissivity aquifers in
deeply weathered crystalline rocks that underkeUlpper Nile Basin are small (1.8 to 4.9 cm
for o= 0.03) and, given the current uncertainty in seted SMS, are beyond the limit of

what can be reliably quantified using current GRAS2Eellite products.

Our examination of a large, mass-storage chand#3(02006) observed in the Lake

Victoria Basin highlights substantial variability the measurement offTWS using different
gridded GRACE products. Although the phase TTWS is generally well recorded by all
tested GRACE products, substantial differences @xithe amplitude of TWS that also
influence the disaggregation of individual terredtstores (e.g., groundwater storage) and
estimation of trends in TWS and individual, disaggated freshwater stores. We note that the
stronger filtering of the large-scale (~300 km)wiyasignal associated witBRCTellus

results in greater signal leakage relative to GRG& JPL-Mascons. As a result, greater
rescaling is required to resurrect signal amplitsudésRCTellugelative to GRGS and JPL-

Mascons and these scaling factors depend upontaircand incomplete a priori knowledge
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of terrestrial water stores derived from large-sd¢ahd-surface or hydrological models,
which generally do not consider the existence dfel¥ictoria, the second largest lake by

area in the world.
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Figure Captions

Figure 1. Map of the study area encompassing the Lake Vi&c®asin (LVB) and Lake

Kyoga Basin (LKB), and location of the in situ mtming stations. The Upper Nile Basin is
marked by a rectangle (red) within the entire Niger Basin shown as a shaded relief index
map. Piezometric monitoring (red circles) and l&keel gauging (dark blue squares) stations

are shown on the map.

Figure 2. Observed daily total dam releases (blue line)taedhgreed curve (red line) at the
outlet of Lake Victoria in Jinja from November 20@/7July 2009 (Owor et al., 2011).

Figure 3. Mean annual rainfall for the period of 2003 201@rived from TRMM satellite
observations. Greater annual rainfall is obserwest smuch of the Lake Victoria and
northeastern corner of the Lake Victoria Basin.

Figure 4. Seasonal pattern (monthly mean from January 20@8tember 2012) of TRMM-

derived monthly rainfall, various GRACE-derivedWS signals [GRCTellus=ensemble

mean of CSR, JPL and GFZ; GRGS and JPL-Mascons ) $dducts], the bottom-up

TWS; GLDAS LSMs ensemble mearsMS, in situ SWS and borehole-derived estimate of
GWS over the Lake Victoria Basin.

Figure 5. Monthly time-series datasets for the Lake Vict@&sin (LVB) from January 2003
to December 2012: (83RCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ,
and JPL), GRGS and JPL-MasconBWS time-series data; (b) GLDAS-derive@MS
(individual signals as well as an ensemble meax@AH, CLM, and VIC); (c) lake-level-
derived SWS; and (d) borehole-derivedGWS time-series data. Note that monthly rainfall
records derived from TRMM satellite are plottedpamel (d) where the dashed horizontal

line represents the mean monthly rainfall for teeqd of January 2003 to December 2012.

Figure 6. Monthly time-series datasets for the Lake KyogaiB4_KB) from January 2003
to December 2012: (8RCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ,
and JPL), GRGS and JPL-MasconBWS time-series data; (b) GLDAS-derive@MS

(individual signals as well as an ensemble meax@AH, CLM, and VIC); (c) lake-level-
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derived SWS; and (d) borehole-derivedsWS time-series data. Note that monthly rainfall
records derived from TRMM satellite are plottedpamel (d) where the dashed horizontal

line represents the mean monthly rainfall for teeqd of January 2003 to December 2012.

Figure 7. Comparison among time-series records BWS from GRCTellugensemble mean
of CSR, GFZ, and JPL), GRGS and JPL-Mascons GRAG&uygts and bottom-upTWS

for the Lake Victoria Basin (LVB) (a), and Lake Kya Basin (LKB) (b) for the period of
January 2003 to December 2012. The vertical greslrepresent monthly rainfall anomalies
in LVB and LKB.

Figure 8. Estimates of in situ GWS and GRACE-derivedGWS time-series records
(January 2003 to December 2012) in LVB show a sulbistl variations among themselves.
An ensemble meanSMS (GLDAS 3 LSMs: CLM, NOAH and VIC) and an unssdl SWS
are applied in the disaggregation @&WS usingGRCTellusGRACE (ensemble mean of
CSR, GFZ, and JPL) and JPL-Mascons products.

Figure 9. Taylor diagram shows strength of statistical asgimn, variability in amplitudes
of time-series records and agreement among theerefe data, bottom-upTWS and
GRCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ, and JPL, GRGSRInd J
Mascons TWS time-series records), simulate8BMS (ensemble mean of NOAH, CLM and
VIC), in situ  SWS, and in situ GWS over the LVB. The solid arcs around the refegen
point (black square) indicate centred Root MeanaBe|(RMS) differences among bottom-up
TWS and other variables, and the dashed arcs terorigin of the diagram indicate
variability in time-series records. Data for Laketdria Basin (LVB) are only shown in this

diagram.
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Table 1.Estimated areal extent (Rjvof the Lake Victoria Basin (LVB), Lake Kyoga Basi
(LKB), Lake Victoria and Lake Kyoga.

. This study
Basin/Lake [HydroSHEDS UNEP (2013) Awange et al. (2014)
databasg
Lake Victoria Basin 256 100 184 000 258 000
Lake Victoria 67 220 68 800 -
Lake Kyoga Basin 79 270 75 000 75 000
Lake Kyoga 2730 1720 -
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Table 2. Details of groundwater and lake level monitoritatisns located in Lake Victoria

Basin and Lake Kyoga Basin.

Monitoring

Station Basin  Parameter Longitude Latitude Depth (m bgl)
Apac LKB Groundwater level 32.50 1.99 15.0
Pallisa LKB Groundwater level 33.69 1.20 46.2
Soroti LKB Groundwater level 33.63 1.69 66.0
Bugondo LKB Lake level 33.20 0.45 -
Entebbe LVB Groundwater level 32.47 0.04 48.0
Rakai LVB Groundwater level 31.40 0.69 53.0
Nkokonjeru LVB Groundwater level 32.91 0.24 30.0
Jinja LVB Lake level 33.23 1.59 -
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Table 3.Linear trends (cm ¥ in GRACE TWS and bottom-up TWS in Lake Victoria
Basin and Lake Kyoga Basin over various time pevig@datistically significant trendp,

values <0.05 are marked by an asterisk).

Period CE;r?sécr:nile GRGS JPL-Mascons _I?\(;\;tsom-up

Lake Victoria Basin (LVB)

2003 2006 4.10* 9.00* 10.0% 11.00*

2007 2012 0.31 1.50* 2.70* 1.10*

2003 2012 0.04 0.58 1.00* 0.54
Lake Kyoga Basin (LKB)

2003 2006 2.10* 4.60* 3.50* 2.80*

2007 2012 0.22 2.00* 1.50* 0.48

2003 2012 0.01 0.54* 0.54* 0.56*
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Figure 1. Map of the study area encompassing the Lake Vec®asin (LVB) and Lake
Kyoga Basin (LKB), and location of the in situ mtming stations. The Upper Nile Basin is
marked by a rectangle (red) within the entire Niger Basin shown as a shaded relief index
map. Piezometric monitoring (red circles) and l&ékeel gauging (dark blue squares) stations

are shown on the map.
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Figure 2. Observed daily total dam releases (blue line)taadagreed curve (red line) at the
outlet of Lake Victoria in Jinja from November 20t@/July 2009 (Owor et al., 2011).
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Figure 3. Mean annual rainfall for the period of 2003 201&rived from TRMM satellite

observations. Greater annual rainfall is obserwast mmuch of the Lake Victoria and
northeastern corner of the Lake Victoria Basin.

46



Figure 4. Seasonal pattern (monthly mean from January 20@8tember 2012) of TRMM-

derived monthly rainfall, various GRACE-derivedWS signals [GRCTellus=ensemble

mean of CSR, JPL and GFZ; GRGS and JPL-Mascons ) $dducts], the bottom-up

TWS; GLDAS LSMs ensemble mearsMS, in situ SWS and borehole-derived estimate of
GWS over the Lake Victoria Basin.
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Figure 5. Monthly time-series datasets for the Lake Vict@&sin (LVB) from January 2003
to December 2012: (8RCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ,
and JPL), GRGS and JPL-MasconBWS time-series data; (b) GLDAS-derive@MS
(individual signals as well as an ensemble meax@~AH, CLM, and VIC); (c) lake-level-
derived SWS; and (d) borehole-derivedGWS time-series data. Note that monthly rainfall
records derived from TRMM satellite are plottedpamel (d) where the dashed horizontal

line represents the mean monthly rainfall for teeqd of January 2003 to December 2012.
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Figure 6. Monthly time-series datasets for the Lake KyogaiB&LKB) from January 2003
to December 2012: (83RCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ,
and JPL), GRGS and JPL-MasconBWS time-series data; (b) GLDAS-derive®MS
(individual signals as well as an ensemble medxd@#AH, CLM, and VIC); (c) lake-level-
derived SWS; and (d) borehole-derivedsWS time-series data. Note that monthly rainfall
records derived from TRMM satellite are plottedpamel (d) where the dashed horizontal

line represents the mean monthly rainfall for teeqd of January 2003 to December 2012.
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Figure 7. Comparison among time-series records BWS from GRCTellugensemble mean
of CSR, GFZ, and JPL), GRGS and JPL-Mascons GRAG#ugts and bottom-upTWS

for the Lake Victoria Basin (LVB) (a), and Lake Kya Basin (LKB) (b) for the period of
January 2003 to December 2012. The vertical greslrepresent monthly rainfall anomalies

in LVB and LKB.
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Figure 8. Estimates of in situ GWS and GRACE-derivedGWS time-series records
(January 2003 to December 2012) in LVB show a subistl variations among themselves.
An ensemble meanSMS (GLDAS 3 LSMs: CLM, NOAH and VIC) and an unssdl SWS
are applied in the disaggregation @WS usingGRCTellusGRACE (ensemble mean of
CSR, GFZ, and JPL)and JPL-Mascons products.
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Figure 9. Taylor diagram shows strength of statistical asgimn, variability in amplitudes
of time-series records and agreement among theerefe data, bottom-upTfWS and
GRCTellusGRACE-derived TWS (ensemble mean of CSR, GFZ, and JPL, GRGSRind J
Mascons TWS time-series records), simulate8MS (ensemble mean of NOAH, CLM and
VIC), in situ  SWS, and in situ GWS over the LVB. The solid arcs around the refeegen
point (black square) indicate centred Root MeanaBg(RMS) differences among bottom-up
TWS and other variables, and the dashed arcs terorigin of the diagram indicate
variability in time-series records. Data for Laki&tdria Basin (LVB) are only shown in this

diagram.
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