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Abstract: The hydrological budget of a region is determined based on the horizontal and vertical
water fluxes acting in both inward and outward directions. These integrated water fluxes vary, altering
the total water storage and consequently the gravitational force of the region. The time-dependent
gravitational field can be observed through the Gravity Recovery and Climate Experiment (GRACE)
gravimetric satellite mission, provided that the mass variation is above the sensitivity of GRACE.
This study evaluates mass changes in prominent reservoir regions through three independent
approaches viz. fluxes, storages, and gravity, by combining remote sensing products, in-situ data and
hydrological model outputs using WaterGAP Global Hydrological Model (WGHM) and Global Land
Data Assimilation System (GLDAS). The results show that the dynamics revealed by the GRACE
signal can be better explored by a hybrid method, which combines remote sensing-based reservoir
volume estimates with hydrological model outputs, than by exclusive model-based storage estimates.
For the given arid /semi-arid regions, GLDAS based storage estimations perform better than WGHM.
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1. Introduction

Eighty-seven percent of Earth’s open freshwater is stored in reservoirs (here, the term reservoir
includes both lakes and man-made reservoirs), 2% is stored in rivers and the remaining 11% in
swamps [1]. Timely and accurate knowledge of water conditions and dynamics in reservoirs and
their contributing catchment areas provide a basis for efficient and sustainable management of water
resources, as well as to prepare for its inevitable future variability. Water storage can be regularly
quantified by applying: ground-based observations, hydrological modeling and remote sensing [2,3].
Given the decreasing number of ground-based gauging stations around the globe [4,5] and the
uncertainty of hydrological models [6], the application of diverse remote sensing based technologies
must be fostered. Remote sensing has provided a rich database for water-related parameters and
state variables. The combination or assimilation of ground-based data and remote sensing products
into models can provide extensive and more precise information about regional water resources.
This study evaluates the potential of hybrid products in a reservoir-dominated region by combining
model outputs, ground-based data, and remote sensing data.
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Large variations in water mass change the gravity field of a region and thus map into the
observations of the Gravity Recovery and Climate Experiment (GRACE) satellite mission. The study
interprets the impact of reservoir dynamics on the GRACE signal. Since the resolution of GRACE is
limited to large signals and regions, an appropriate window around the reservoir needs to be selected
and other hydrological parameters need to be quantified. The water balance equation within a region
can be recognized as a series of fluxes and storages (stocks). To observe this regional water budget
variability, we have applied the following approaches:

1. Estimation of the balance of all hydrological fluxes acting vertically and horizontally. The rate of
water storage change (AS/dt) in a region is the sum of evapotranspiration (ET), precipitation (P)
and net surface runoff (AR) Equation (1),

AS/dt=P — ET + AR 1)

Based on the applied datasets, two net fluxes are derived from Equation (1). Flux-1 is obtained
by combining the Global Precipitation Climatology Centre (GPCC) precipitation data with the
WaterGAP Global Hydrological Model (WGHM) ET and in-situ runoff. Flux-2 is obtained by
combining the Tropical Rainfall Measuring Mission (TRMM-3B43) precipitation data with the
Global Land Data Assimilation System (GLDAS) ET and in-situ runoff.

2. Estimation of the water storage change (AS) in a region is the sum of storages in soil moisture
(SM), snow water equivalent (SWE) and surface water (SW) (Equation (2)). Due to the lack of
direct measurements, groundwater storage is not considered in the equation.

AS = ASM + ASWE + ASW @)

The hybrid storages combine the ASW from remote sensing-based reservoir volume estimates
with ASWE and ASM from hydrological model outputs. The WGHM based hybrid storage is
referred to as Storage-1, and the GLDAS-based hybrid storage is referred to as Storage-2.

3.  Estimation of total water storage variability (ATWS) from time-variable gravity data observed by
GRACE. The ATWS considers the contribution from the surface (reservoirs, river-network, snow,
and ice) and subsurface (soil moisture and groundwater) storage changes. However, GRACE
cannot resolve individual flux contributions to ATWS and the interactions among them.

The study analyzes the correlation of ATWS from GRACE with the sum of individual fluxes
(Equation (1)) as well as with the sum of storages (Equation (2)), in the reservoir-dominated region.
The possible inaccuracies caused by different datasets and outputs from different global hydrological
models are visualized by comparing two sets of fluxes (discussed in Section 3.1) and two sets of hybrid
storages (discussed in Section 3.2). The estimate that best agrees with ATWS is considered as the better
performer for the region.

Unlike most previous studies, which were conducted at large spatial scales (usually at the basin
or global scale) and compared the GRACE signal with hydrological model outputs, this study analyzes
the GRACE signal at a small scale by using more accurate storage computations based on the hybrid
approach. In few of the previous studies, the GRACE signal was also compared with the combination
of storages; for example, Famiglietti et al. [7,8] combined in-situ surface storages with other datasets,
de Paiva et al. [8-10] combined multiple remote sensing data and model outputs at a larger scale but
the spatial resolution of the surface water bodies was 250 m. This study investigates the impact of
reservoir variability on the GRACE signal at a small scale and validates the reservoir volume variability
estimated at 30 m spatial resolution from remote sensing methods [11].

2. Study Area

This study estimates the hydrological budget of two reservoir regions the Aral Sea and Lake Mead
during the period of January 2003-December 2014. The Aral Sea has become a major ecological disaster
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during the 20th century, due to large-scale irrigation abstraction for rice and cotton fields in central
Asia. In comparison, Lake Mead has been declining badly for the past more than a one-and-a-half
decade. However, in this case, it is predominantly because of the reoccurring drought since 2000 [12,13].
Lake Mead is the largest reservoir in the United States, formed after the creation of Hoover Dam on
the Colorado River. Lake Mead has a comprehensive network of ground observations to validate the
space-borne estimates, whereas the Aral Sea has limited means for evaluation. Due to constraints in
the spatial resolution of GRACE, a study area larger than the size of the reservoir is selected (Figure 1)
(discussed in Section 3.3).
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Figure 1. Study box for the Lake Mead region and the Aral Sea region. River discharge: 1 = Colorado
River inflow, 2 = Virgin River, 3 = Muddy River, 4 = Colorado River outflow, 5 = Syr Darya and
6 = Amu Darya.

Figure 1 shows the geographic location of the two test sites. The study area is shown in the red
rectangular box. The Aral Sea region is approx. 210,000 km? covering (43° to 47°N) and (56° to 62°E).
The Lake Mead region is approx. 90,000 km? covering (34.5° to 37.5°N) and (116° to 113°W). The land
cover map is taken from “GlobCover2009” [14] to analyze the impact of interfering GRACE signal
from the surrounding features.

3. Data and Methodology

3.1. Sum of Hydrological Mass Fluxes (AS/dt)

Water is continuously exchanged vertically (P and ET) and horizontally (R) between the reservoir
and the surrounding land and atmosphere (Equation (1)). Flux-1 is derived by combining ET from
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WGHM with P from GPCC because WGHM uses GPCC as a climate forcing in the model. While Flux-2
is derived from the combination of ET from GLDAS with P from the TRMM-3B43 product because
GLDAS uses a combined product of gauge data and satellite-derived precipitation (discussed in
Section 3.2.1). In both of the estimates, the horizontal flux, i.e., surface runoff is obtained from
in-situ observations.

3.1.1. Net Surface Runoff (AR)

Reservoirs are mostly fed by rivers and normally allow water outflow to ultimately end up in an
ocean (e.g., Lake Mead). The Lake Mead study region is mainly fed by the Colorado River, for which
we use the Diamond Creek gauge station near Peach Springs (35.77361°N and 113.36278°W) as the
inflow into the region and the Davis Dam release (35.19876°N and 114.56949°W) as the outflow from
the region (Figure 2 left). These datasets are collected from the annual “Water Accounting Reports’ of
the United States Bureau of Reclamation (USBR). The other two minor streams, i.e., the Virgin River
and the Muddy River (arrows 2 and 3 in Figure 1 left) have a negligible contribution and there are
no ground observations at their locations. Therefore, they have been neglected in the calculations.
On contrary, endorheic water bodies are terminal lakes with no outflow (e.g., the Aral Sea). The Aral
Sea, acts as a terminal point for the two major river basins of central Asia, the Syr Darya in the north
and the Amu Darya in the south. The stream inflow and precipitation may only leave out of the Aral
Sea by evaporation and seepage. For this study, the Aral Sea river discharge is downloaded from [15].
The data is limited to June 2011, and the exact locations of the gauge stations are unknown.
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Figure 2. Runoff: (left) Lake Mead and (right) The Aral Sea.

3.1.2. Precipitation (P)

Precipitation is the main input and evapotranspiration is the main output of water from the
atmosphere within a catchment. The Aral Sea region has very sparse rain gauge stations; consequently,
the interpolated GPCC data may be relatively less reliable. However, WGHM uses only GPCC
rainfall data as a climate forcing for its simulations. Therefore, GPCC precipitation and WGHM ET
are combined to estimate the net vertical flux in Flux-1. In contrast, GLDAS uses a combination of
NOAA /GDAS atmospheric analysis fields and 2.5° grid Climate Prediction Center Merged Analysis of
Precipitation (CMAP), which is derived from blending of gauge data and satellite-derived precipitation
and downward radiation observations [16]. Therefore, we apply a comparable TRMM 3B43 (V7)
precipitation data, at 0.25° spatial resolution, with GLDAS ET for the net vertical flux estimation in
Flux-2. TRMM precipitation product is also used to estimate fluxes over the Lake Mead reservoir
(water body only, discussed in Section 4.1).
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The dedicated precipitation satellite “TRMM” was launched in November 1997 and turned off
in April 2015. The monthly TRMM (3B43) product at 0.25° spatial resolution is obtained from [17].
TRMM (3B43) is a combination of the four independent precipitation measurements, which include
the monthly averaged TRMM Microwave Imager (TMI) estimate, the monthly averaged Special Sensor
Microwave/Imager (SSM/I) estimate, the adjusted merged-infrared (IR) estimate , and the monthly
accumulated GPCC rain gauge analysis [18].

We compare the rain gauge-based GPCC data with the remote sensing-based TRMM product,
which combines multiple datasets (Figure 3). The GPCC data comprise monthly mean millimeter level
water height and the TRMM data are the hourly precipitation rate, which is multiplied by the number
of hours of the respective month to yield monthly precipitation. The monthly precipitation volume is
estimated by integrating millimeter-level water height over the study area (4° x 6° for the Aral Sea
region and 3° x 3° area for the Lake Mead region). The resulting TRMM and GPCC data are compared
in Figure 3, which shows better agreement for the Lake Mead region than the Aral Sea region.
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Figure 3. Precipitation: (left) The Lake Mead region and (right) The Aral Sea region.

3.1.3. Evapotranspiration (ET)

The rate of ET within a region greatly depends on the amount of water present and the available
energy. ET includes evaporation of surface water and transfer of soil moisture by plants through
foliage (i.e., transpiration). In arid climates, there is often plenty of available energy to drive ET, but
the actual amount of ET varies with the presence of water at the surface, which varies with the change
in the reservoir size and availability of upper-layer soil moisture. To derive the total ET of the study
area, we use the model output from two global hydrological models: GLDAS and WGHM.

The Noah GLDAS 0.25° data product provides ET at an hourly rate per square meter [16], which
is converted to volume per month by multiplying the number of hours in the respective month and
the area under study. The WGHM data are based on the Priestley and Taylor equation [19] and are
provided in monthly water equivalents (i.e., mm/0.5° grid) as a mean monthly value. The GLDAS
data consider the Aral Sea as an ocean and masked it out based on its 1960’s size. Consequently, the ET
estimation is very low compared to WGHM (Figure 4 right). However, WGHM also does not explicitly
consider the variable surface area of lakes/reservoirs for ET calculation. It includes an empirical
and global reduction function that reduces evaporation if the lake storage volume decreases [20].
As this function is not specifically adjusted for the Aral Sea, it may not adequately capture the huge
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reduction of its water surface area which may be the reason for an overestimation of ET for the region.
Furthermore, according to previous studies, the evaporation over the Aral Sea is estimated to be
around 1 m to 1.2 m/year [21-23], while WGHM estimated it to be much larger for the selected region.
Nevertheless, the net flux for the Aral Sea region is only calculated from WGHM (as Flux-1) even with
some expected overestimation, whereas outputs from both models are used and compared for the
Lake Mead region.
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Figure 4. ET: (left) The Lake Mead region and (right) The Aral Sea region.

3.2. Sum of Hydrological Storage Compartments (AS)

Two hybrid-storage estimates are derived from the combination of outputs from hydrological
models with the remote sensing based reservoir volume estimates. The study is confined to reservoir
regions; therefore, the respective reservoir is the main liquid surface water body. Its volume is combined
with SM and SWE derived from WGHM and GLDAS to generate Storage-1, and Storage-2 respectively.

3.2.1. Liquid Surface Water (ASW)

We apply reservoir volume estimates using a combination of Landsat, satellite altimetry and
bathymetry data for the Aral Sea and Lake Mead, as outlined in our previous study [11]. Figure 5 shows
the mean reduced volumetric variations in the two water bodies estimated by the aforementioned
remote sensing approach. In our study regions, reservoirs act as major surface water storage
components. Figure 5 left compares the remote sensing-based reservoir volume estimate with the
in-situ measurements for Lake Mead, which is diligently monitored by the United States Bureau of
Reclamation (USBR). However, the Aral Sea has been poorly monitored over the last few decades.
Therefore, no ground-based volume estimates are available to validate our previous results [11].
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Figure 5. Mean reduced reservoir volume: (left) Lake Mead and (right) The Aral Sea.

3.2.2. Snow Water Equivalent (ASWE)

Apart from rivers and reservoirs, snow and ice are important storage units of surface water,
especially for regions in higher latitudes and with large mountain ranges, and have a significant
impact on the hydrology of many river systems [21,22]. However, Lake Mead is entirely free of snow
and ice; nonetheless, it is fed by snow and glaciers from the Rocky Mountain. The Lake Mead study
area contains some mountain ranges. Therefore, little SWE is estimated by both GLDAS and WGHM
(Figure 6 left). Conversely, the Aral Sea has three to four months of snow and ice coverage, which is
obtained from the two hydrological models. Again, one of the reasons for the underestimation of the
SWE by GLDAS for the Aral Sea region is the removal of data from the former extent of the Aral Sea
water body (Figure 6 right).
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Figure 6. Mean reduced Snow Water Equivalent: (left) The Lake Mead region and (right) The Aral
Sea region.
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3.2.3. Soil Moisture (A SM)

Volumetric soil water content is normally expressed in percentage or volume of water in a volume
of soil sample m3/m3. From the Noah GLDAS, we apply the sum of its four soil moisture layers
(0-2 m depth), whereas WGHM represents SM for the complete soil profile in a single layer whose
depth refers to the rooting depth of the vegetation cover. The mean reduced curves of soil moisture
variability estimated by the two models are plotted in Figure 7. WGHM features lower amplitudes for
both regions, even though the Aral Sea is again largely masked out in GLDAS.
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Figure 7. Mean reduced Soil Moisture: (left) The Lake Mead region and (right) The Aral Sea region.

The SM estimates by GLDAS in 40-100 cm and 100-200 cm root depth have higher and smooth
variations during the study period. However, after 2010 flood in the Aral Sea region, it experienced
a marked decline in the GLDAS simulations for which the reasons are unknown at this point.
As mentioned before, WGHM considers soil moisture for the root zone, of which the depth is
determined as a function of the actual land cover. For the Aral Sea, much of the surroundings
is classified as bare soil (root depth 0.1 m in the model), with smaller fractions of open shrub land
(0.5 m) or grassland (1.0 m). Thus, the overall storage capacity of the soil in WGHM for this region is
small which results in low storage values and low storage variations. The same applies for the Lake
Mead region, which is predominantly classified as open shrub land in WGHM.

3.3. GRACE-Derived ATWS

For over 14 years, the time-variable gravity field solutions computed from GRACE data have
enabled to study the total mass change at regional and global scales [24-27]. GRACE has also been used
for comparisons, validation and calibration of hydrological models [28-30]. The ATWS from GRACE
was compared with in-situ observations [31-33], altimetry observations [32,34-36] and hydrological
models [36-38].

To determine the monthly GRACE-derived water mass variability in the study area, the JPL
mascon solutions [39] are evaluated. In contrast to the more common way of parameterizing the
gravity field in terms of global spherical harmonic basis functions, the mascon representation is based
on local equal-area three-degree spherical cap mass concentration blocks (mascons). During the
gravity field estimation process, monthly scaling coefficients are estimated for each of these mascons
to represent the global mass distribution. The mascon representation allows a straightforward way to
introduce both spatial and temporal constraints between individual basis functions into the GRACE
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data processing. These constrains allow to filter out the noise which is present in the GRACE satellite
data, and which has led to a typical north-south error stripe pattern in the unconstrained monthly
gravity field solutions based on spherical harmonics. While for the spherical harmonic solutions
these error patterns have to be removed in a dedicated post-processing filtering step (de-striping), no
post-processing filtering is necessary for the mascon solutions. However, while the constraints applied
in the estimation process reduce the noise, they also result in a damping of the signal and in a coarse
spatial resolution, causing a signal to be spread out over a larger area than the area which it originates
from (leakage effect). This signal damping can be counteracted by applying so-called rescaling
coefficients [40] to the gridded water storage changes, which are determined from a comparison of
unfiltered vs. smoothed hydrological model output and which are provided on the GRACE Tellus
website for download [41].

We use the mascon solutions in the version which applies the Coastline Resolution Improvement
(CRI) filter, for more information see [39]. The GRACE solutions were corrected for geocentric motion
coefficients, according to [42] and for variations in Earth’s oblateness (C20 coefficient) obtained from
Satellite Laser Ranging [43]. The Glacial isostatic adjustment has been accounted for using the model
by [44]. The uncertainty data is downloaded from the Tellus website at a 0.5-degree grid and represents
the uncertainty of each mascon estimate. These uncertainty measures are derived from the formal
covariance matrix of the mascon solutions, scaled differently over oceanic and continental areas in
order to obtain more realistic error bounds that match, e.g., the errors known from a comparison
between GRACE and ocean bottom pressure data.

The size of the study boxes is chosen such, that it can be resolved by GRACE and—at the
same time—that hydrological mass variations in the vicinity of the reservoirs influence the GRACE
measurements as little as possible. The Lake Mead study box is based on the size of the mascon
(3° x 3°). Lake Mead is a small reservoir (approx. 430 km? area and 27.5 km? volume in spring 2003)
and resembles a point mass at the center and the study area, which is approx. 200 times larger than the
reservoir area (Figure 8 left). The position of the point mass (reservoir) strongly affects the GRACE
signal [45]; therefore, the study area is selected around the reservoir mass center. The Aral Sea surface
area was approx. 20,000 km? in spring 2003 (with 92.5 km?® volume). Hence, it requires data from
more than two mascons to cover the entire Aral Sea (Figure 8 right). The study area is extended
towards the west of the Aral Sea in order to include the entire signal of the Aral Sea mass change
from which we assume that it is smoothed over the complete western mascon. In 2003, the Aral Sea
was approx. one-tenth of the size of the selected study box. In Figure 8, the twelve years (January
2003-December 2014) mascon GRACE solution shows a negative trend in the equivalent water height
(EWH in meter/year) of the selected study regions.

Lake Mead region (3x3) 55 Aral Sea region (4x6)
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Figure 8. Gravity Recovery and Climate Experiment (GRACE)-derived trend of the equivalent water
height (meter/year) between 2003 and 2014. The size of the study area was chosen according to the
mascon grid. (left) The Lake Mead region is 3° x 3° where Lake Mead is located at the center. (right)
The Aral Sea region is 4° x 6°covering the entire lake and two mascon grid cells.
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The derived mass variations for the two regions are shown in Figure 9. The uncertainty range (red
dotted line) is retrieved from GRACE Tellus on a 0.5-degree grid. It represents the uncertainty of each
mascon estimate, except for November 2011. There are few data gaps in the GRACE data, especially
since 2011 due to the aging batteries of the satellites. During certain orbit periods over 4-5 consecutive
weeks, no ranging data are collected and hence no gravity fields can be computed approximately every
5-6 months [46].
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Figure 9. GRACE-derived mass variations with the uncertainty range of the measurements as provided
by GRACE Tellus: (left) The Lake Mead region, (right) The Aral Sea region

4. Results

4.1. Lake Mead (Reservoir) Water Budget

Lake Mead is mainly fed by the Colorado River and its discharge budget is summarized in
Equation (3) (Figure 1 left). The overall discharge and peak flows of the Colorado River to Lake Mead
at Glen Canyon (Lake Powell) and from Lake Mead at Hoover Dam are highly regulated.

Lake Mead discharge budget = Colorado River inflow
(Peach Spring gauge station) + Muddy River and Virgin River (©)]
+ LV Wash — Hoover Outflow — Lake Mead recreational diversions

The Hoover Dam release and Lake Mead diversions for recreational purposes are derived from
the annual “Water Accounting Reports” of the USBR [47]. Las Vegas Wash return inflow is obtained
from the USGS surface water database [48]. The inflow at the north arm of Lake Mead from the Muddy
River and Virgin River is not directly measured by the USBR and other agencies and therefore is not
considered in the calculations. The top panel of Figure 10, shows the Lake Mead discharge budget.
The bottom panel of Figure 10 compares the derivatives of the reservoir volume (computed by single
differences) obtained from remote sensing and in-situ measurements (Figure 5 left) with the sum of
water fluxes acting on the reservoir.
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Figure 10. Lake Mead: (top) Net surface runoff of the lake: inflow—outflow and (bottom) Reservoir
volume variation compared with the hydrological fluxes.

The net fluxes acting on approx. 450 km? area of the reservoir is obtained by reducing the net
discharge budget by the vertical flux acting over the water body and the leakage to the bank storage
Equation (4):

AMead storage = Lake Mead discharge (total inflow — Hoover outflow)
+ Precipitation on the reservoir — Lake Mead Evaporation (in-situ) — AMead Bank storage

4)

Monthly time series of evaporation (only from the Lake Mead water body) are obtained from
personal contacts from the Boulder Canyon Operations Office. The estimated evaporation is obtained
by multiplying a monthly coefficient (derived from studies conducted by the USGS) by the average of
the surface area of previous and current months. Precipitation over the reservoir is obtained from the
TRMM (3B43) data. The Mead bank storage is a volumetric representation of shallow groundwater
levels immediately adjacent to a reservoir. The amount of bank storage is not subject to an exact
determination. However, such storage typically fills voids within nearly 5 km of the reservoir [49].
The Mead bank storage fluctuates with changes in the reservoir storage. Therefore, the bank storage
is estimated by multiplying the change in reservoir storage by a coefficient of 0.065, provided by
the USBR.

Furthermore, we interpret the GRACE signal in the reservoir region. As GRACE cannot observe
just the small reservoir, therefore, a 3° x 3° window around the reservoir is analyzed.

4.2. Lake Mead Region (3° x 3°) Water Budget

In Figure 11 (top), the sum of the fluxes (Flux-1 and Flux-2) is compared with the derivatives
of the hybrid-storages (Storage-1 and Storage-2) and ATWS from GRACE. In the bottom panel of
Figure 11, the fluxes are reduced by their seasonality (i.e., a mean value of each January, February,
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etc., over the study period) and then integrated to obtain the inter-annual variability. Furthermore,
each time series are mean reduced, to compare with each other. Similarly, the hybrid-storages and the
ATWS GRACE are reduced by their seasonality (Figure 11 bottom). In addition, all the time series in
Figure 11 are smoothed by applying a three-month moving average window to derive their gentle
progression. The derivative plot (Figure 11 top) shows the variations two to three months in advance
of the integral plot (Figure 11 bottom) because the prior captures changes in the trend; for example,
a decrease in precipitation will suppress the rate of increase, however, it is still filling the storages.
Furthermore, the bottom plot has only non-seasonal anomalies.

1 2 3 4 5 6 7

Lake Mead (3x3)
6 ; ‘ § GRACE

—e— Flux1(P(GPCC)-ET(WGHM)+R)
-« - Flux2(P(TRMM)-ET(GLDAS)+R)
& Storage1(WGHM(SM+SWE)+res. vol)
——§ Storage2(GLDAS(SM+SWE)+res. vol)
< § Remote sensing based Lake Mead volume

Smoothed Mass variation [kma/month]

4 | : | | —=GRACE

15 T T 7— ——] Non seasonal Flux1
[ - «-| Non seasonal Flux2
10 s Non seasonal Storage1

——Non seasonal Storage2
« Non seasonal Lake Mead volume

Smoothed Non-seasonal volume [km3]

| |
2004 2006 2008 Ve 2010 2012 2014
Figure 11. Lake Mead region (3° x 3°) mass variations observed by net fluxes, net storages, and
GRACE: (top) Monthly mass variations and (bottom) Non-seasonal water storage variability. All time
series in the lower panel have been reduced for their mean (i.e., mean value over the study period).
The large numbers at the top of the figure are the periods of different mass evolution, discussed in
Section 4.2. Here symbol § indicates derivative and | indicates integral of the signal.

This region normally receives maximum water by winter rains and spring runoff from snow and
glacier melts. During the study period, the lower Colorado region underwent recurring drought [50],
except between 2004 and 2005, when it experienced exceptional rain (Figure 3 left), whereas the 2011
gain in Figure 11 is mainly driven by exceptional upstream runoff.

The mass evolution and its different phases are analyzed below to understand the driving force
and differences in the estimations. The periods to be discussed are shown as the large numbers at the
top of Figure 11.

Period-1 (March 2003-September 2004): All datasets observed a slight loss (0.6-1.6 km® /year) of
the water mass.

Period-2 (October 2004-May 2005): Heavy rain escalated the GRACE signal and Storage-2 for
more than 13 km? within seven months (Figure 3 left). However, Storage-1 increased much less,
because it is mainly driven by the reservoir trend, as soil moisture is highly underestimated by WGHM
for this region (Figure 7 right). Similarly, Flux-1 increased less than 5 km? and Flux-2 jumped 22 km?.
The difference can mainly be attributed to the difference in ET between WGHM and GLDAS (Figure 4
right) and in precipitation from GPCC and TRMM (Figure 3 left) for this period. This shows high
uncertainty in the estimation of fluxes and storages depending upon the input datasets. The reservoir
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itself had less gain during this period as it received regular input from upstream, but at the same time,
it had relatively less outflow for a few months (Figure 2 left).

Period-3 (June 2005-April 2006): Due to the higher moisture availability in the soil during the
previous period, the ET rate increased (Figure 4 left) in the follow-up period. GRACE and Storage-2
lost more than 10 km® within 10 months. Storage-1 also exhibited losses similar to the reservoir (approx.
3 km®) due to the underestimation of SM by WGHM (Figure 7 right). This shows that possibly during
the period 2 and 3, soil moisture variability might be the strongest contributor among the different
storage compartments of the GRACE data.

Period-4 (May 2006—-December 2009): GRACE observed a similar low mass loss rate as other
datasets. The 2008 winter anomaly was due to added input from precipitation (Figure 3 left).
The continuous runoff deficit (Figure 2 left) caused by extra withdrawal from the reservoir to cater
lower basin demands and possibly a decline in the ground water table is a cause of this slow and
continuous mass decline.

Period-5 (January 2010-December 2010): A slight gain is observed by four of the datasets, except
by the reservoir and Storage-1. This may be due to above-average rainfall in January, October and
December 2010 (Figure 3 left). However, reservoir volume and Storage-1 continued to decline because
of no change in the runoff pattern (Figure 2 left).

Period-6 (January 2011-December 2011): Additional heavy input from the upper Colorado
basin increased the reservoir volume during this period. All datasets exhibit an increase in volume.
In contrast to the Period-2 mass gain, which is caused by precipitation in the study region, the increase
during Period-6 is caused by inflow from upstream areas. This suggests that this period might be
dominated by the reservoir trend (Figure 5 left).

Period-7 (January 2012-December 2014): Most of the increase in water from the previous period is
lost again within six months, followed by continuous mass loss over the final three years of the study
period at more than 1 km? per annum. During this persistent drought with abnormally low snow in
the Rocky Mountains [50] and low rainfall in the region (Figure 3 left), GRACE exhibited greater mass
loss than Storage-2, which might indicate significant ground water extraction.

Among all the applied datasets in the Lake Mead region, the GRACE signal agrees best with
Storage-2 (GLDAS based estimate) (Figure 11). In Storage-1, WGHM highly underestimates the SM
for these regions (as discussed in Section 3.2.3). Reservoir volume is the only major contributor to
Storage-1 estimate. Therefore, in Figure 11 the Storage-1 and reservoir volume plots are overlapping.
Among the fluxes, Flux-2 show a better correspondence to ATWS, even though, it occasionally tends
to overestimate of the variability. In period-2, Flux-1 (Figure 11 top) underestimates AS/dt compared
to ATWS while Flux-2 overestimates it. This can be explained by the difference between P from GPCC
and TRMM (Section 3.1.2) and the ET simulation by WGHM and GLDAS (Section 3.1.3) respectively.

4.3. Aral Sea Region (4° x 6°) Water Budget

In the Aral Sea region, the entire hydrological characteristics have been modified since the lake
is undergoing a drastic decline. Further, unlike Lake Mead, the Aral Sea region has limited data
availability. There is almost no monthly ground observation for its volume and the applied runoff data
are provided without exact coordinates and only for a limited duration. Also, the hydrological models
have limited applicability in this region. GLDAS data have flagged the 1960’s size Aral Sea area as an
Ocean and masked it out, i.e., the model does not perform any simulations for this area. The maximum
effect of not including the Aral Sea surface water in the model input becomes apparent in ET estimation.
ET is mainly driven by the availability of water and temperature and neglecting such a vast water
body in the model input, has a serious impact on the ET estimates (Figure 4 right). Therefore, we do
not compute Flux-2. Similar to the Lake Mead region, Figure 12 top shows derivatives of the mass
variation from GRACE, hybrid storages (Storage-1 and Storage-2) and the Aral Sea volume as well as
the time series of the sum of the hydrological fluxes (Flux-1, i.e., P (GPCC) — ET (WGHM) + AR (in-situ)).
The lower panel shows the mean reduced integrated non-seasonal variations.
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Figure 12. Aral Sea region (4° x 6°) mass variations observed by net flux, net storages, and GRACE:
(top) Monthly mass variations and (bottom) Non-seasonal water storage variability. All time series in
the lower panel have been reduced for their mean (i.e., mean value over the study period). The large
numbers at the top of the figure are the periods of different mass evolution, discussed in Section 4.3.
Here symbol 5 indicates derivative and [ indicates integral of the signal.

The detail hydrological mass evolution of the Aral Sea region is given below.

Period-1 (March 2003-December 2003): In the first year of the study period a slight increase is
observed in the lake volume resulting from some extra drainage from the Amu Darya (Figure 2 right).
In contrast, GRACE and Flux-1 increased significantly because of the additional contribution from the
above-average rainfall (Figure 3 right).

Period-2 (January 2003—-April 2006): This period experienced a relatively low rate of decline
(2-3 km3/ year) in the water mass. However, Flux-1 does not agree well with the results of
other approaches.

Period-3 (May 2006-February 2010): A staggering decline was observed by GRACE and Storage-2
in this period; water mass decreased at approximately 7 km® per annum. The Aral Sea lake and
Storage-1 also receded at a rate of 6 km® per annum. This period was dominated by the upstream cut
off of the drainage [51], and subsequently, driven by the lake trend.

Period-4 (March 2010-September 2010): Within less than half a year, GRACE observed more than
9 km?® non-seasonal gain. The region experienced above-average rainfall (Figure 3 right), followed
by an increase in the lake volume (more than 4 km?) due to heavy upstream runoff (Figure 2 right).
The increase in GRACE mass signal during this period is contributed not only by the Aral Sea lake
gain but possibly also by storages in the Aral Sea delta, surrounding small lakes, irrigated croplands
and increase in soil moisture.

Period-5 (October 2010-April 2011): The region lost most of the volume that was acquired during
the previous period, and the lake lost approx. 3 km3 within six months. This decrease is possibly
due to large-scale evaporation resulting from an increased water surface area in the Aral Sea and its
surrounding storages, as well as moisture in the top layer of the soil.

Period-6 (May 2011-November 2014): Due to sporadic rain, GRACE observed relatively less
decline in the last three and a half years of the study, at about 1.5 km?/year. However, the lake shrunk
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to its all-time minimum in 2014 by completely losing its southeastern lobe [51,52], which indicates
very limited runoff during this period.

For the Aral Sea region, Flux-1 exhibits a different inter-annual signal in the region over the
entire study period (Figure 12) and features a huge mass loss between 2005 and 2010. This can be
explained by the overestimation of ET by WGHM (discussed in Section 3.1.3) and the underestimation
of P by GPCC (discussed in Section 3.1.2). On the contrary, both hybrid-storages show a very good
agreement with the GRACE signal because of the strong contribution of the Aral Sea volume trend.
The difference between hybrid storages and ATWS from GRACE can be predominantly explained by
the underestimation of SM by the hydrological models and the role of surface water storage in the
delta region. The ATWS also has signals from the Amu Darya and Syr Darya delta and several small
lakes in the two deltas, which store a significant part of the inflow from the river.

5. Discussion

The study demonstrated that the estimated reservoir flux agrees very well with the remote
sensing-based Lake Mead volumetric variation (Figure 5 left), showing 90% correlation with the
in-situ and 81% with the remote sensing-based estimates (Figure 10 bottom). Net runoff is the
major contributor in the estimated total flux, as seen from Figure 10 bottom. The vertical flux
(blue line in Figure 10 bottom) is always negative, which means that evaporative loss from the
reservoir is greater than precipitation, and the sum is significantly less in the total flux (green line in
Figure 10 bottom). The RMSE (root mean square error) between the estimated total flux and the remote
sensing-based storage variation is 0.22 km3, which can be attributed mainly to the errors in volume
estimation of the reservoir. Especially when the trend of increasing/decreasing volume changes, the
prior overestimations/underestimations by the remote sensing method (Figure 5 left) become more
pronounced. Furthermore, the remote sensing estimates are obtained using a combination of two
data products (Landsat and altimetry). When data cannot be provided by one of the products, the
combined model shifts towards the available data, which can lead to a slight drift in the variability.
Furthermore, the difference between the sum of fluxes and the reservoir storage variation is also
affected by limitations in the flux estimates. The net flux estimate neglects other minor inflows into
Lake Mead due to data unavailability, for example, the contributions from the Virgin River and
Muddy River, and the precipitation flowing into the reservoir from the surroundings. In addition, the
evaporative loss from the Colorado River, covering approx. 100 km between the Gauge station and the
reservoir and the ground water interactions are not considered.

This paper further analyzes the cause of mass variations in the two study regions observed by
GRACE during different periods by combining different datasets. The periods of more than average
rainfall and increase in net runoff generally coincided with an increase in the GRACE signal. There were
periods when GRACE and the water bodies had different signals caused by variation in the amount
of precipitation in the region; for example, those in periods 2, 3 and 5 of the Lake Mead region and
period-1 of the Aral Sea region. During these periods, it is possible that the variability in SM dominated
the mass change. Abelen et al. [53] also emphasized that the SM can strongly contribute to the GRACE
signal. Conversely, there are periods dominated entirely by the variability in the water body, e.g.,
period-6 of the Lake Mead region and period-3 of the Aral Sea region. This detailed analysis of water
balance inconsistencies, suggests improvements in the parametrization of a particular hydrological
model output should be made; for example, SM and ET estimates in WGHM must be recalculated
for the selected regions. It can also help to visualize some possible contribution of other geophysical
parameters like ground water, canopy storage, and non-hydrological mass variations, by closing the
water budget of a region. Water inflow in arid /semi-arid regions is quite unevenly distributed over
time. The water gained by heavy rain/runoff was also quickly lost at both of the test sites, which can
be intelligently harnessed if there is a better understanding of the different hydrological contributors
in the region.
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The results showed that the accuracy of the interpretation of the GRACE signal is limited by
errors in the datasets and varies with different datasets/model output combinations, for example, as
in Period-2 of the Lake Mead region. The long-term non-seasonal flux estimates have overestimated
the mass loss and gain at different periods, due to aggregated uncertainty in the sum of vertical fluxes
(P — ET) and integrated error propagation. There are substantial differences between the amount of
accumulated precipitation and their intensities from different precipitation datasets [54-56] and ET is
one of the most uncertain variables in the global hydrological models [29]. Overestimation of ET leads
to an underestimation of potential water mass and vice versa. For example, in the Lake Mead region,
most of the above average rainfall (Figure 3 left) during period-2 (2004-2005) is directly removed
by higher ET in WGHM contrary to GLDAS (Figure 4 left). Furthermore, SM is underestimated by
WGHM due to smaller root zone (discussed in Section 3.2.3). Therefore, Flux-1 and Storage-1 show
lower water mass than Flux-2 (not estimated for the Aral Sea region) and Storage-2 for both study
regions. This indicates a deficient model structure or parameterization of WGHM for these regions.
The uncertainty of the Aral Sea flux estimate is higher because of the significant difference between
TRMM and GPCC precipitation data (Figure 3 right), unavailability of gauge location of the runoff and
erroneous ET estimation. Using a dynamic mask of water extent over the Aral Sea and applying the
evaporation rate calculated by previous studies [21-23] might result in better ET estimates here.

Table 1 and Figure 13 compare the ATWS observed by GRACE with the mass variations
determined by different approaches. Table 1 shows that for the Lake Mead region the fluxes correspond
better with the GRACE derivatives at Lag —1, which means a time lag of 1 month. Hence, GRACE
data tend to describe the water mass change a month later than the flux estimates. The reason for
that is that GRACE observations need to be collected over one month before a mass change can be
computed. The fluxes on the other side capture it immediately. The upper panel of Figure 11 shows
that the GRACE signal usually lagged behind the net fluxes by 1 month, except for the period-6 peak,
which is driven by heavy runoff inflow between late 2009 and early 2010.

Table 1. Correlation of the GRACE signal with the net fluxes (combining in-situ runoff with different
vertical fluxes, i.e., Flux-1 (precipitation (P) from Global Precipitation Climatology Centre (GPCC) and
evapotranspiration (ET) from Global Land Data Assimilation System (GLDAS)) and Flux-2 (P from
Tropical Rainfall Measuring Mission (TRMM) and ET from WaterGAP Global Hydrological Model
(WGHM)), and hybrid storages (combining remote sensing based reservoir volume estimate with the
SM and SWE from global hydrological models, i.e., Storage-1 (WGHM) and Storage-2 (GLDAS)). Lag 0
means instantaneous correlation between the derivative of GRACE and the flux. Lag —1 means a lag
of 1 month with respect to the flux.

The Lake Mead Region (3 X 3) The Aral Sea Region (4 X 6)
Signals (Including Correlation Correlation
Seasonal Component) RMSE (km?) RMSE (km?)
Lag 0 Lag -1 Lag 0 Lag -1
5 GRACE-Flux-1 0.58 0.80 13 0.76 0.8 42
5 GRACE-Flux-2 0.63 0.76 13 - - -
GRACE-Storage-1 0.58 - 3.7 0.87 - 6.5
GRACE-Storage-2 0.87 - 23 0.88 - 7
GRACE-Reservoir 0.60 4 0.82 - 7.8

The results demonstrate that among all the applied datasets Storage-2 (GLDAS and remote
sensing of reservoir volume-based hybrid AS) worked well for these regions. However, in the Aral Sea
region, both the storages have above 80% correlation with ATWS because the reservoir is the major
contributor to the GRACE signal. However, the seasonal peaks are significantly underestimated in
both hybrid storages because minor contributions also come from the Aral Sea delta, many small
adjoining lakes, and other hydrological compartments. The impact of hydrological outputs in the
region increases with decreasing lake size (Figure 13 right). In the Aral Sea region, Storage-2 has
slightly high RMSE compared to Storage-1 (Table 1) because of the masking of the 1960s lake extent in
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GLDAS in SM and SWE simulations. Further, in the Aral Sea region, the lake is undergoing huge water
mass changes, whereas SM and SWE in the surrounding region feature almost no inter-annual signal
(except GLDAS SM after 2010). This indicates anthropogenic forcing and upstream water abstraction.
The contribution of SM and SWE compartments in the Lake Mead region is greater than the reservoir,
that is why the reservoir trend is only 60% correlated with the GRACE signal. Further, in the Lake
Mead region, SM and SW show a mostly similar inter-annual signal, which indicates a uniform water
storage change driven by climate forcing.

Lake Mead region Aral Sea region
20 T T 40

T T
—=—GRACE (3x3) —+—GRACE (4x6)

H ——Lake Mead res. (remote sensing)| —<—Aral Sea res. (remote sensing)
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3o, |

[l ——Storage-2 (3x3) —— Storage-2 (4x6)

151

Water mass [km?’]
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Figure 13. Total water storage (TWS) observed by GRACE compared with the best estimates and the
reservoir volume: (left) The Lake Mead region and (right) The Aral Sea region.

Due to the very small study area (90,000 km?) of the Lake Mead region compared to the GRACE
resolution (200,000 km? based on satellite orbital height of ~450 km), there is a possibility that the
GRACE signal dampens due to leakage to the regions outside the study box. Longuevergne et al. [45]
also emphasized that when the basin area is smaller than 300,000 km? the apparent GRACE signal is
underestimated for point masses. However, the signals of mass variability will remain the same, as
point mass (Lake Mead) is in the center and there is no other point mass in the surrounding region.
In contrast, the study area of the Aral Sea region is much larger and located close to the Caspian Sea,
which can contaminate the GRACE signal. However, the mascon-based regional GRACE solution has
an improved spatial resolution for this region due to the absence of a de-striping filter.

Accurately closing the water budget of any region is still an open problem. There are regions
where the hydrological models fail to represent the hydrological states. For example, WGHM did not
perform well in these two regions. Further, there are differences in the estimates of ATWS by different
GRACE solutions [45]. Therefore, if the actual distribution of water is not evaluated, there can be
significant error in the ATWS analysis of the GRACE signal. Many previous studies estimated GW
storage changes by subtracting GRACE ATWS by the sum of other storage compartments derived from
model outputs [57-59]. However, in this study, the role of ground water storage is neglected because
of the non-availability of the data. In the case of Lake Mead, GW can account for the difference in
Storage-2 and ATWS. For example, Castel et al. (2014) [60] showed declining water levels of many well
stations in/around Las Vegas. However in the Aral Sea region, according to Cretaux et al., (2013) [23]
the lake has an almost negligible GW contribution. Our study suggests that the combination of remote
sensing-based reservoir storage with model outputs can better interpret the mass variations in GRACE,
as opposed to the aforementioned entirely hydrological model-based approach. However, this method
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needs to be tested in more regions and for a larger area and cautious conclusions need to be drawn
considering the uncertainties of the different datasets.

6. Conclusions

TWS is the integral physiographic characteristic of any territory, determined by its specific climate
features, typical landscapes, and land use. The two test sites in this study are located in arid /semi-arid
regions, where water is the most limiting factor for the evolution of life. Lakes/reservoirs are the
major contributors of surface water volume in most of the regions. Therefore, authentic knowledge of
their characteristics and dynamics is essential for short and long-term water management of a region.
The main findings of the study are:

1.  This study showed that the inflow-outflow runoff balance predominately drives the volumetric
variations in a moderately sized deep reservoir, such as Lake Mead (where open water surface
area is in few hundreds of kilometer square and depth is more than 100 m). While the vertical
fluxes acting over the reservoir have negligible contributions (blue and green lines in Figure 10
bottom). Therefore, an accurate estimate of reservoir water volume variability may also help to
approximate the runoff estimates at a basin level, especially in rivers connected by reservoirs,
such as the Colorado River.

2. The regional variability in the hydrological state of Lake Mead is driven by the combination
of runoff (Figure 2 left) and precipitation (Figure 3 left). During the study period, the region
experienced mass gains twice: the first time occurred during Period-2 (2004-2005) by additional
local rainfall, and the second time by the additional inflow from upstream in Period-6 (2011).
This lets us conclude that GRACE is sufficiently sensitive to observe mass changes of Lake Mead
if the magnitude of change is large.

3.  Inthe study, ATWS observed by GRACE is compared to the estimated hydrological variations
in fluxes and storages within the study area. The study showed that the long-term net flux
estimation has a larger uncertainty than the total storage, due to the existing larger uncertainties
in the vertical fluxes and error propagation through integration. The hybrid approach combining
remote sensing-based reservoir volume estimates with hydrological model outputs provides a
better possibility for the estimation of total mass change than hydrological models alone.

4. The non-seasonal mass depletion in the Aral Sea region observed by GRACE is mainly driven by
the reservoir mass loss because SWE is almost stationary (Figure 6 right) and SM has a limited
non-seasonal trend (Figure 7 right). This lets us conclude that the causes of mass variations in
the region are not local and are driven by upstream water abstraction. On the other hand, the
Lake Mead region features almost similar inter-annual variations in SM, SWE, and the reservoir,
allowing us to conclude that most of the mass variations are local (except the 2012 inflow anomaly)
and climatically driven.

5. Since the Aral Sea has changed dramatically in shape and size, the entire hydrological
characteristics of the region have been affected. Therefore, for this region, both models
inaccurately determine most of the parameters and no reliable in-situ data are available. Hence,
for poorly monitored regions such as the Aral Sea, where reliable data is limited, accurate
reservoir storage estimates and GRACE-based mass change analysis can greatly improve the
understanding of the hydrological state of the region.
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