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Abstract

Explorations of the differences between Gravity Recovery and Climate Experiment (GRACE)
solutions in local regions and basins are fundamental in determining their suitability and
applicability in these environments. Because of the different mathematical inversions used by the
respective processing centers, individual solutions exhibit discrepancies in terms of mass increase or
loss, which makes it difficult for users to select the best model for studying terrestrial water storage
anomalies (TWSAs). This study compares TWSA trends, as derived from different GRACE solutions
over the arid and semi-arid Botswana (2002-2019), where both storage and flux from CSR, JPL,
GFZ, TUGRAZ, AIUB, and COST-G! were compared. The results show that the six solutions are
fairly correlated with the least correlation of R=0.829 between JPL and AIUB, and a maximum of
R=0.921 between CSR and TUGRAZ at a 95% confidence level. The TWSA analyses for 2002-2019
indicate that TWS is increasing in Botswana, with the least linear trend of +0.11cm/yr detected from
the TUGRAZ inversion model, and the highest linear trend at +0.43cm/year from the COST-G model.
On comparing TWS with rainfall, all the solutions presented the same spatio-temporal trends as the
rainfall patterns, indicating that the GRACE solutions exhibit the same responses with respect to the
received rainfall. Over the 18 years investigated, the long-term rainfall trend was found to decrease,
which was only detected by the TUGRAZ model in terms of the recorded equivalent water height
(EWH) of -0.008cm/yr from the monthly trend observations. Overall, the AIUB inversion solution
gave a better result as its signal was found to be the same as the rainfall signal.

Keywords: GRACE gravity; terrestrial water storage anomaly; equivalent water height; semi-

arid Botswana

1 CSR = Center for Space Research; JPL = Jet Propulsion Laboratory; GFZ = the German Research Center for
Geosciences; TUGRAZ = Graz University of Techology; AIUB = the Astronomical Institute of the University of Bern;
COST-G = the International Combination Service for Time-Variable Gravity Fields
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1. Introduction

Terrestrial water storage (TWS) comprises groundwater and above-groundwater stored as surface
water, soil moisture, snow, and canopy water, and forms a significant component of the terrestrial
and global hydrological cycles (Figure 1). In turn, these cycles play important roles in the Earth’s
climate system by controlling the energy, water, and biogeochemical fluxes (Frappart & Ramillien,
2018; Syed et al., 2008). As water storage is an integrated measure of the availability of surface and
groundwater, the assessment of the water cycle and its fluxes on the continental surfaces and more so
at regional scales is important in estimating water storage for water resource planning and
management (Famiglietti & Rodell, 2013; Gongalves et al., 2020; Khaki & Awange, 2019b; Khorrami
& Gunduz, 2021; Ni et al., 2018; Seyoum et al., 2019). Such studies require continuous and reliable
observation systems and estimation tools for the accurate determination of the water stocks available,
especially in terms of groundwater, and their variability from the seasonal scale to the multi-annual
temporal scale. Traditionally, the spatio-temporal heterogeneous gauge networks are used to measure
in-situ river discharge rates, and less frequently, groundwater table depths (Long et al., 2016; Y. Zhou
et al., 2016). However, such measurements are discrete and only present partial information on the
actual water fluxes at the regional scale (Hu et al., 2019; Pavelsky, 2014; Rahaman et al., 2019;
Sliwinska et al., 2019; Y. Zhou et al., 2016).
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state components

Surface Water (SW)

+ So1l Moisture (SM)

+ Canopy Water Storage (CWS)
+ Snow and Ice (SW)
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Figure 1: Terrestrial water storage (TWS) and components (Ouma et al., 2015).

To complement in-situ measurements, geodetic remote sensing sensors have proven capable of
providing spatio-temporal near-homogeneous estimates of water variability (Lettenmaier et al., 2015;
Wouters et al., 2014). Specifically, the Gravity Recovery and Climate Experiment (GRACE) twin
satellite mission, can be used to estimate the terrestrial water storage change (ATWS) and the change
in groundwater storage variations at monthly time scales with a coarse spatial resolution of
approximately 300km (Khaki & Awange, 2019a).

For the estimation of fine spatio-temporal homogenous water fluxes at the watershed and regional

scales, several numerical hydrological models have been used to derive the TWS and its dynamics
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with river fluxes. GLDAS-NoahV2.1 and European Center for Medium-range Weather Forecast
(ECMWF) Re-Analysis (ERA) interim reanalyses were used to characterize flooding over the Poyang
Lake Basin (H. Zhou et al., 2018) while the WaterGAP Hydrology Model (WGHM) and the PCRaster
Global Water Balance (PCR GLOBWB) model were used to study water flows and storage globally
(Dol et al., 2016). These models are limited by the following: (i) the inability to adequately capture
the physical processes, (ii) the finite approximations of the numerical equations used to model the
processes, and (iii) the application of boundary conditions and uncertainties in the model parameters
(Doll et al., 2016). Furthermore, since not all variables are validated and calibrated for the numerical
hydrological models, the use of numerical models in regional estimations of the TWS variations
remains a complex task (Trzaska & Schnarr, 2014). To improve on water storage and dynamics
estimation modeling, satellite observations and in situ measurements can now be used to calibrate,

validate, and correct model input parameters, as well as model outputs (Lettenmaier et al., 2015).

Spatio-temporal variations in TWS variability can be determined using the GRACE gravity
anomaly-derived equivalent water thickness or height (EWH) data at regional scales (Ouma et al.,
2015). GRACE is a NASA and German DLR satellite mission for mapping the gravity field of the
Earth over a period of 30 days (Tapley et al., 2004). It comprises twin satellites, with the orbit of each
satellite being determined by the magnitude of the Earth’s gravity field. As such, local variations in
this field affect the motion of the satellites by altering the distance, d, between the satellites, as
demonstrated in Figure 2. Using mathematical inversions, the variation in the distance between the
satellites is monitored and converted to variations in the gravitational field of the Earth which are
called GRACE solutions (Wouters et al., 2014).
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Figure 2: GRACE low-low satellite-to-satellite tracking (LL-SST) concept(modified from Dionisio
etal., 2018).
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While the GRACE measurements are simple, the inversion procedures are complex and coupled
with errors. The GRACE solutions are derived in terms of spherical harmonic functions and as Stokes
coefficients, with a spatial resolution of approximately 300km x 300km. The spatial resolution is
attributed to the following factors: (i) the orbiting altitude of the satellites, (ii) the accuracy of the
satellite instrument, (iii) the maximum degree of the spherical harmonics used, and (iv) the spatial
scale of the filters applied to the GRACE measurements at each of the respective processing centers
(Landerer & Swenson, 2012; Scanlon et al., 2016; Wouters et al., 2014). Different mathematical
inversion solutions for the conversion of the GRACE gravity anomalies to EWH have been proposed.
Each processing center adopts its solutions in the form of either spherical harmonic coefficients or
recomputed EWH on a regular geographic grid (Watkins et al., 2015). Because of the differences in
the mathematical hypotheses and solutions that are used to derive the inverse gravity fields from
distance measurements determined through the GRACE satellites, the solution from each processing

center is unique.

Owing to the different GRACE solution products, it is not obvious as to which product would be
suitable for a given region. This study investigates the correlation and reliability of the GRACE
satellite data products from the respective institutions, as listed below, for the assessment of the total
terrestrial water variability in arid and semi-arid Botswana. The University of Texas at Austin’s
Center for Space Research (CSR); NASA’s Jet Propulsion Laboratory (JPL); the German Research
Centre for Geosciences Potsdam (GFZ), Institute of Geodesy at Graz University of Technology
(ITSG), the Astronomical Institute of the University of Bern (AIUB), and the International
Combination Service for Time-Variable Gravity Fields (COST-G) are the relevant institutions. The
GRACE TWS changes are compared with rainfall data from the Department of Meteorological
Services (DMS) for the 2002-2019 period in order to predict the terrestrial water variability in the
country.

2. Study Area

Botswana, an arid and semi-arid country, occupies a land area of about 582,000km? that extends
between the latitudes 18°S —27°S and longitudes 20°E — 29.5°E (Figure 3). Up to 70% of the country
is occupied by the Kalahari Desert. Hence, it is predominantly flat, with a few areas on the eastern
side of the country forming rolling landscapes, thus resulting in low runoff (Farr, 2017; Segosebe &
Parida, 2006). While the north-eastern portion of the country receives an annual precipitation of about
650mm, the south-western region receives an average of 250mm of precipitation per year. Almost all
of the rainfall occurs during the summer months, with the winter period accounting for less than 10
percent of the annual rainfall. With a few perennial rivers, mainly located in the north-western portion
of the country, the surface runoff is estimated at a mean annual rate of 50mm. In most of the central

and western parts of the country, including the Kalahari region, the annual groundwater recharge
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from rainfall is estimated to be lower than one millimetre/year. On the other hand, it reaches a
maximum of approximately 40mm/year in small regions within the Chobe District (Lindhe et al.,
2020).
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Figure 3: Location map of Botswana in southern Africa, rainfall gauge stations, and the Botswana
surface water resources.

Prior to the construction of the north-south carrier (NSC) pipeline, approximately 80% of the
country’s water supply needs were derived from groundwater , with most rural villages and the
mining industry relying wholly on groundwater (Department of Water Affairs, 2017; Farr, 2017). In
accordance with the depletion of water supplies through extraction, and to cope with the ever-
increasing water demands, surface water is also used to augment the groundwater supplies. The
construction of reservoirs or dams for the collection and storage of ephemeral river flow facilitated
this process. The dams, mainly located in the eastern part of Botswana, are connected through a NSC
pipeline transfer system to provide for the possibility to transfer water to the more densely populated
urban centres. The four largest dams are Dikgatlhong (400Mm?®), followed by the Gaborone
(141Mm?®), Letsibgo (100Mm?*), and Thune (90Mm?®) dams, all, with the exception of the Gaborone
dam, being in the north (Figure 3). However, because of the flat topography and the arid to semi-arid
climate, the loss of dam water to evaporation is considerable (Ministry of Minerals Energy and Water
Resources, 2012). During the drought period, the groundwater aquifers have the potential to support
the dams in the eastern corridor of the country which is densely populated and characterized by fertile
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soils and high levels of economic activity(Segosebe & Parida, 2006). However, the variability in the
recharge of the country’s aquifers has never been monitored or even quantified, especially for

determining their long-term sustainability and potential capacity.

This study thus investigates not only the reliability of the GRACE solution for monitoring the
TWSA in Botswana, but also presents a prediction of the TWS variability and trends from 2002 to
2019.

3. Materials and Methods
3.1. GRACE mission and data

The low earth-orbiting (LEO) twin GRACE satellites were simultaneously launched on March 17,
2002, with, their primary objective being to obtain accurate estimates of the mean and time-variable
components of the variations in the earth’s gravity field (Hofmann-Wellenhof & Moritz, 2006). This
is determined by continuously tracking the inter-satellite range and range rate of the coplanar twin
satellites, as they co-orbit at an altitude of 500km with a separation of 220km, at a micro-metre level.
In this case, dual carrier phase measurements in the K (26GHz) and Ka (32GHz) frequencies of the
K-band ranging (KBR) system are used (Save et al., 2016; Schmidt et al., 2008; Watkins et al., 2015)
(Figure 2). With the aid of a highly precise onboard capacitive accelerometer on each spacecraft, non-
gravitational forces, such as atmospheric drag, satellite perturbations, and solar radiation pressure,
are measured and filtered out. The precise position and orientation of the twin satellites are measured
using a GPS receiver (space-proofed multichannel, dual-frequency) and a star camera respectively
located on each satellite (Rodell & Famiglietti, 1999; Tapley et al., 2004).

As gravity perturbs the orbits of the two satellites, their distance d apart changes with time (Figure
2). By measuring the overall distance variations, 4d, collected over a certain period, the map of the
average gravitational field in that period can be retrieved, provided that the effect, Adp, of the non-
gravitational forces, Fp, is properly measured by accelerometer(s) and subtracted in the data
processing facilities to insulate the contribution, A4dg, from the geopotential (Dionisio et al., 2018).
The KBR measures these minute changes in the inter-satellite distance which are used to determine
the strength of the gravitional field. GRACE data are divided into three levels: Level 1 data are
calibrated and time-tagged in a non-destructive sense and are not available to the public; Level 2 data
are spherical harmonic coefficients that can be used to generate monthly gravity field estimates; Level

3 data are EWH, representing mass anomalies on the earth.

Using the dynamic equations of their motions, an analysis of the relationships between the orbits
and forces of the GRACE satellites was conducted to estimate the variations in the Earth’s
gravitational field. When errors in the gravity field model, the atmosphere, and ocean models are
removed, the GRACE time-varying gravity field returns the non-atmospheric and non-ocean mass

changes resulting from the differences in the water mass over the continental area. It provides
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information on TWS changes in the large basins and regions on a seasonal or shorter time scale,
(Tapley et al., 2004; Wahr et al., 1998).

In this study, as summarized in Table 1, monthly time series of time-variable Level-3 GRACE
solutions from six different processing groups were used. The downloaded data products correspond

to liquid EWH in centimetres on a regular grid (Figure 3).

Table 1. GRACE monthly gravity field solutions.

Gravity field Solution Institution Processing Strategy (Inversion References
solution name/ Version Solutions)
AIUB Release 02 Astronomical Celestial mechanics approach ~ Meyer et al., 2016
Institute, University  (pseudo-stochastic orbit
of Bern parameters)
COST-G Release 01 IGFS Hybrid solution: Combines Jaggi et al., 2020

existing solutions from COST-
G analysis centers and partner
analysis centers (PCs)

CSR Release 06 CSR University of Direct approach Save et al., 2016
Texas
GFZ Release 06 GFZ Direct approach Boergens et al., 2020
JPL Release 06 JPL Direct approach Watkins et al., 2015
TUGRAZ ITSG GRACE TU Graz Short arc approach (empirical ~ Kvas et al., 2019
2018 covariances)

The web-based tool (www.theGRACEplotter.com) was used to download the GRACE datasets.
To derive the GRACE data from the GRACE plotter, a 10-point polygon, resulting with 52 1°x 1° of
GRACE pixels, as shown in Figure 3, was used. The data were downloaded as a time series, with the

52 pixels averaged over the entire area. As the monthly downloaded GRACE data had temporal gaps,
the gaps were filled by means of interpolation. At times, where there was a one month gap, data on
either side of the gap were averaged(Jing et al., 2019). Where there was a gap of more than one month,
linear interpolation was applied by considering the previous GRACE TWS data (Montecino et al.,

2016). Annual averages were then calculated on the basis of trend analysis.

3.2. TWS anomalies emanating from GRACE

GRACE gravity data can be used to recover surface mass variability by relating changes in surface
mass to changes in gravity (Figure 2). Changes in the distribution of mass in the Earth system that
result from variations in water storage, result in spatio-temporal changes in the gravity potential
(Ramillien et al., 2008). This temporal change in the equipotential surface can be converted into EWH

(h) by using spherical harmonics, as in Equation 1 (Wahr et al., 1998).
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for month ¢, 6 = colatitude; p, = average density of the Earth; p,, = density of water, A =

longitude; R = mean radius of the earth, P;,,,= normalized associated Legendre functions of degree /
and order m, and AC,,,, and AS},,, = the residual surface density coefficients, which define the filters

for the conversion of geoid variations to 4 (cm) (Equations 2-3):

= — _I'E_ ~ [2]
AC,(t) 30, 1+ ky ACyy ()
2E+1 _
NG ;Zmﬁszmif} (3]

where k; = load Love number for degree /. AC,,,,, and AS,,,, = the residual Stokes coefficients,

defined as Equations 4 and 5:

N
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where C,,, and Sj,,, = the long-term means of the Stokes coefficients and N = the total number of
monthly (i) solutions. The mean long-term Stokes coefficients representing the mean static field are
removed as they are dominated by the static density distribution within the solid Earth. This implies
that the contributions from the mean stored water are also removed, and in terms of the water storage
anomalies, only the time variable component of the water storage is recovered(Ditmar, 2018;
Swenson & Wahr, 2002; Wahr et al., 1998).

3.3. Precipitation data

In comparing the precipitation and TWS cycles, mean monthly measured rainfall figures from 28
gauging stations within Botswana were considered for the 2002-2019 study duration. Only gauging
stations which had data gaps of less than one month were used. The proportion of data gaps in each
of the chosen gauging stations amounted to less than one percent (1%). The global monthly
accumulated precipitation from Tropical Rainfall Measuring Mission (TRMM) products with 0.25°
x (.25° spatial resolution were used to fill in any missing precipitation data in the gauge data series.
For comparison with the GRACE data, the TRMM precipitation data were filtered using the Gaussian

To evaluate the different EWH time series, they were compared with the mean annual rainfall over
the study period. The two time series, EWH and annual rainfall, were compared for similarities by
using dynamic time warping (DTW) (Cheong, 2019) and Pearson’s correlation coefficient (Moriasi
et al., 2007; Yin et al., 2021). For DTW, the two signals were first standardized so that they had a
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mean and standard deviation of 0 and 1 respectively. The same analysis was also conducted for the

detrended time analysis.

4. Results and Discussions
4.1. Correlational analysis and inter-annual EWH changes

A heatmap plot of the correlations among the respective solutions is presented in Figure 4. The
correlations depict the GRACE solutions as having high correlations, with the least correlation
between JPL and AIUB being R = 0.827, and the highest between CSR and TUGRAZ being R =

0.921. Generally, AIUB was found to have the lowest correlations with all of the other five solutions.

Table 2 shows the mean annual rainfall and the corresponding EWH values for all of the solutions.
The computed inter-annual changes show that the highest inter-annual increase in EWH, ranging
between +9.12cm and +11.66cm, was recorded in 2006, 2014, and 2017. The least EWH was
observed in 2007 and 2018, while the largest changes, as shown by the yellow highlights in Table 2,
were observed in 2006 and 2017. It can also be noted from Table 2 that even though they are using
the same GRACE data, the institutions can produce different EWH data. These can be attributed to
the different processing strategies that are used to derive EWH from GRACE raw data (see Table 1).
In some cases, some solutions will present with an increased (positive) EWH while others will show

a decrease (negative) in EWH.
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Figure 4: Heatmap with correlation coefficients.
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Table 2: Annual rainfall and annual EWH and the corresponding inter-annual changes.

Mean Mean GRACE EWH (cm) Inter-annual changes in EWH (cm)

Date Rainfall | CSR JPL GFZ AIUB COSTG TUG Mean Rainfall | CSR JPL GFz AIUB COSTG TUG
2002 28.01 -2.00 -2.74 -2.81 -5.00 -2.00 -0.71

2003 31.82 -3.86 -5.7 -3.97 -5.98 -4.51 -4.2 3.81 -1.86 -2.96 -1.16 -0.98 -2.51 -3.49
2004 35.47 -3.31 -2.23 0.71 -1.32 -2.12 -2.2 3.65 0.55 3.47 4.68 4.66 2.39 2.00
2005 28.79 -4.86 -4.67 -3.68 -4.92 -5.2 -5.2 -6.68 -1.55 -2.44 -4.39 -3.6 -3.08 -3.00
2006 51.46 4.65 4.96 4.47 4.81 4.3 39 22.67 9.51 9.63 8.15 9.73 9.5 9.1
2007 27.46 -2.83 -2.76 -2.64 -2.65 -3.24 -3.1 -24.00 -7.48 -1.72 -7.11 -7.46 -7.54 -7.00
2008 39.78 0.11 -0.13 0.93 0.644 0.42 1.24 12.32 2.94 2.63 3.57 3.294 3.66 4.34
2009 47.65 2.86 2.38 1.73 2.27 1.72 2.06 7.87 2.75 2.51 0.8 1.626 1.3 0.82
2010 41.92 2.89 2.74 2.28 2.51 2.35 2.69 -5.73 0.03 0.36 0.55 0.24 0.63 0.63
2011 36.10 4.61 3.57 3.44 3.27 3.17 3.41 -5.82 1.72 0.83 1.16 0.76 0.82 0.72
2012 26.45 1.18 0.23 -0.47 0.19 0.48 1.76 -9.65 -3.43 -3.34 -3.91 -3.08 -2.69 -1.65
2013 24.80 -1.05 -1.76 -2.00 -3.09 -2.37 -1.59 -1.65 -2.23 -1.99 -1.53 -3.28 -2.85 -3.35
2014 34.34 5.01 4.33 5.48 6.03 5.38 5.61 9.54 6.06 6.09 7.48 9.12 7.75 7.2
2015 17.82 0.57 0.07 0.66 -1.05 -1.33 -0.05 -16.52 -4.44 -4.26 -4.82 -7.08 -6.71 -5.66
2016 25.12 -1.9 1.73 -2.23 -1.92 -2.11 -1.52 7.3 -2.47 1.66 -2.89 -0.87 -0.78 -1.47
2017 35.25 9.7 9.47 6.68 4.02 9.55 6.02 10.13 11.6 7.74 8.91 5.94 11.66 7.54
2018 26.15 -0.41 0.14 -0.67 -1.06 -1.56 9.1 -10.11 -9.33 -7.35 -5.08 -9.55 -7.58
2019 22.20 -5.57 -6.22 -4.21 -3.99 -5.99 -3.95 -5.16 -6.36 -3.54 -2.93 0.00 -4.43
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5. Mean annual GRACE solutions and rainfall patterns

Figure 6 presents the results of the comparison of mean annual rainfall and the mean linear
EWH before the detrending of the GRACE data. The long-term trend of the annual rainfall shows
a declining rainfall between 2002 and 2019, whereas the long-term trends for EWH show increases
for all the solutions. Thus, in terms of long-term trends, the two signals capture opposite trends
between rainfall and the mean annual EWH. However, the differences are small, with a decrease
observed in rainfall and a marginal increase in the TWS variability. From Figure 6, the linear trends
show that the change in TWS per year from TUGRAZ is least, at +0.11cm/year, and highest from
COST-G, at +0.43cm/year.
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Figure 5: Relationship between annual rainfall and the EWH data presented by (a) CSR, (b) JPL,
(c) GFZ, (d) AIUB, (e¢) TUGRAZ and (f) COST-G.

Compared with the linear trend, the de-trended annual EWH variations show the same irregular
pattern as the rainfall data (Figure 7). There were only marginal differences at three time epochs
for all solutions. Between 2002 and 2003, rainfall showed an increase of +38.1mm, with all EWH
solutions decreasing. AIUB showed the lowest decrease of -0.98cm, and TUGRAZ the highest
decrease of -3.49cm. In this period, AIUB has presented the closest signal to rainfall. Another
period where the pattern differed was in the two-year period between 2009 and 2011, with the

rainfall decreasing and the EWH increasing. From 2015 to 2016, rainfall showed an increase of
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+73mm, while at the same time EWH decreased, with the exception of JPL, which presented an
increase of +1.66cm in EWH.

A comparison of the annual linear EWH (Figure 6) and the detrended annual EWH (Figure 7)
leads to the conclusion that the true relationship between rainfall and the EWH in Botswana is best
derived from the detrended data.
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Figure 6: Detrended mean annual rainfall and EWH data as provided by (a) CSR, (b) JPL, (c)
GFZ, (d) AIUB, (e) TUGRAZ, and (f) COST-G

To further evaluate the solutions, the EWH and rainfall signals were assessed for similarities
using dynamic time warping (DTW), Pearson’s correlation coefficient, and the p-value. For DTW,
the data were standardized before processing; this is because the two signals were measured with
different units. Hence standardization moderates the magnitude of the rainfall signals. The
similarities were evaluated for the full-time and detrended time series. The shortest distance
between rainfall and EWH is for AIUB. The Pearson correlation coefficient was calculated on the
basis of the detrended data. As shown by the high correlation coefficient and the low p-value, the
results indicate that the AIUB data presents with a significant association between EWH and
rainfall (Table 4).
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Table 4: Dynamic time warping (DTW) and Pearson’s correlation coefficient (r) between rainfall
and GRACE solutions over Botswana. DTW was calculated for the standardized data.

GRACE Full time series Detrended component
solution DTW R p-value DTW R p-value
EWH-CSR 12.49 0.518 0.028 9.95 0.71 0.0011
EWH-JPL 12.49 0.501 0.034 9.95 0.72 0.0007
EWH-GFZ 11.20 0.596 0.009 9.59 0.75 0.0004
EWH-AIUB 11.23 0.627 0.005 8.04 0.83 0.0000
EWH-COST-G  12.07 0.511 0.043 8.05 0.77 0.0004
EWH -TUG 12.30 0.559 0.015 9.90 0.69 0.0004

Table 4 also shows that AIUB presents with the highest correlation and the shortest distance for
both the full time series and the detrended component of the time series. GFZ then follows for the
full series, with the lowest similarity being for JPL. On the detrended component, COST-G follows
AIUB with a DTW of 8.04 and an r of 0.77; while the lowest similarity is from TUGRAZ, with
an r of 0.69. Despite these observations, all solutions in terms of the p-values were found to be
significant, with the p-values ranging from 0.0000 to 0.0011 for the detrended time series and
0.015 to 0.028 for the full time series.

6. Conclusions

This study compared TWS from six GRACE solutions over Botswana between April 2002 and
December 2019. All the solutions presented a high degree of similarity, with the lowest correlation
of 0.82 being between JPL and AIUB. In comparison with rainfall, the linear trends show marginal
differences, with rainfall decreasing and TWS increasing. The results show that the six solutions
are fairly correlated with the least correlation of r=0.8294 being between JPL and AIUB and the
maximum correlation, r=0.921, being between CSR and TUGRAZ. The TWSA analyses from
2002-2019 indicate that the TWS is increasing in Botswana with the least linear trend of
+0.11cm/year detected from the TUGRAZ inversion model and the highest linear trend of
+0.43cm/year from the COST-G model. However, the positive/increase and negative/decrease in
EWH by the different inversion solutions for the same data year show that the solutions include
discrepancies and should be evaluated prior to use. In comparison with rainfall, all solutions
present with a correlation coefficient of more than 0.5, thus showing that the two signals have
nearly the same response to terrestrial water availability at a 95% confidence level, with all p-
values being less than 0.034. Observations over the 18 years indicate that the overall rainfall trend

is decreasing. However, in terms of the recorded EWH of -0.008cm/yr from the monthly trend
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observations, only the TUGRAZ model was able to detect this phenomenon. From the general
trend analysis, it can be concluded that all the solutions can be used to study the variability of TWS
in arid and semi-arid Botswana. This conclusion is based on the fact that, as shown by the low
DTW and the high R, the data pertaining to these solutions are similar to those for the rainfall.
However, for TWS quantifications, users should carry out further analyses to determine the
optimal inversion solutions for the study area. Because of the similarities in the solutions, this
study recommends that the solutions be averaged to improve the quality of the TWSA and to

compensate for the missing data from the different solutions.
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