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ARTICLE INFO ABSTRACT

Keywords: Imprudent extraction of groundwater tends to undue stress and portends its sustainability.
Groundwater storage change Spatiotemporal analysis of groundwater storage anomaly (GWSA) is imperative for the judicious
Spatiotemporal

use, management, and sustainable development of a region. This study aimed to examine the
changes in groundwater storage over the past 20 years in the Tana sub-basin using Gravity Re-
covery and Climate Experiment (GRACE) assimilated into Global Land Data Assimilation Systems
(GLDAS). Validation analysis was carried out to evaluate the accuracy of GWSA against anomalies
of Lake Tana water level, precipitation, and in-situ groundwater level. Modified Mann-Kendal test
and Sen’s slope estimator were applied for trend analysis of the GWSA. The results exhibited that
GWSA strongly correlated (Pearson’s correlation coefficient, R ranges from 0.75 to 0.96) with the
three validation above variables, which elucidated in general, credible GWSA estimation. The net
annual GWSA curve showed a non-significant (p > 0.05) decreasing trend from 2003 to 2012.
However, years including 2005, 2006, and 2009 were drought periods, which caused 0.49 billion
cubic meters (BCM) groundwater loss. In the entire study period (2003-2022), on the other hand,
the net annual GWSA revealed a significant increasing trend (p < 0.05) with a rate of 0.333 cm/
year. Generally, the Tana sub-basin was nurtured with a net 4.87 BCM groundwater gain in the
study period. The most sensitive parts of the study area to large fluctuations of groundwater
storage were mainly the nearby southern and eastern directions of Lake Tana.

GRACE
GLDAS
Trend analysis
Tana sub-basin

1. Introduction

Groundwater (GW) plays a pivotal role across the globe in nourishing domestic, agricultural, and industrial demands [1,2]. In
recent years, however, the trend of using GW and stress on it has been increasing due to increased demand for massive infrastructural
development and huge population growth of the world [3-6]. Quantity and quality deterioration of surface water due to anthropogenic
activities, climate change, and the development of modern technology to extract GW are also prominent causes of increased use of GW
worldwide [7-9]. The increase in population, urbanization, and industrialization has also led to the release of higher levels of pol-
lutants into the environment. As a result, both the quantity and quality of groundwater resources have been negatively impacted [10].
The continuous decline of groundwater levels is caused by increasing stresses on groundwater and overexploitation, which exceeds its
ability to be replenished by recharge. This phenomenon of long-term groundwater depletion is becoming more common in various
countries around the world, including China, India, Saudi Arabia, the United States, Iran, the Arabian Peninsula, and some African
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countries [11-13]. Therefore, a lesson should be taken from the aforementioned regions before groundwater depletion becomes a
worse condition in other countries for sustainable utilization and development of the nation.

Ethiopia is endowed with water resources and is considered a water tower of Africa that has approximately 252 billion cubic meters
(BCM) of water resources available with rivers, lakes and groundwater [14,15]. Nonetheless, the groundwater quantity studies in
Ethiopia showed that there is no agreed quantity available yet. For example, the Ethiopian Ministry of Water Resources (MoWR) [16]
carried out the countrywide preliminary water resources master plan study and estimated it as 2.6 BCM. Alemayehu [17], on the other
hand, estimated it to be around 185 BCM. A more recent study also speculated the groundwater reserve of Ethiopia as 12 BCM to 30
BCM or even more [15]. These are pieces of evidence that there is no agreed understanding of the quantity of groundwater available in
Ethiopia.

These huge discrepancies among estimated figures reveal that more detailed investigations are still needed for sustainable utili-
zation and management of this precious resource. Lack of concrete information on the availability of GW reserve hampers, on one
hand, its full-scale utilization for different proposes, and on the other hand, endangers its sustainability when it is unknowingly
overexploited. For example, the dearth of GW availability information limited its use for irrigation to less than 5 % of the country’s
irrigable land [15,18,19] whereas 85 % for domestic water supply [20].

Tana sub-basin (study area), which is found in the Upper Blue Nile, has a huge groundwater reserve [21-23]. Nevertheless,
increasing use of groundwater has been recorded in different sectors leading to groundwater level decline [24-27]. The study area’s
groundwater is confirmed by many researchers that it has high connectivity with rivers and it feeds rivers and Lake Tana via base flow
[25,28-30]. Therefore, the reduction of the groundwater table not only harms the groundwater resources but also the surface water
resources to dry up and decrease flow. It is known that Lake Tana is the womb of the Abay River (Blue Nile River) on which the Grand
Ethiopian Renaissance Dam (GERD) is under construction. In this regard, the long-term investigation of the groundwater storage
change and its variability is imperative for thoughtful integrated groundwater and surface water development and management
sustainably [31].

To carry out long-term groundwater storage dynamics, sufficient and plausible in-situ measured time series data is required.
Unfortunately, in developing countries like Ethiopia, scarcity of in-situ GW monitoring is commonplace due to financial constraints.
Tana sub-basin is one of the regions where a groundwater monitoring system has not been established yet. Therefore, finding another
option to get reliable information is vital for GW storage change studies.

Gravity Recovery and Climate Experiment (GRACE)/and its successor GRACE-Follow On (GRACE-FO) is one of the emerging
remote sensing technologies widely used to successfully estimate GW storage anomaly (GWSA) [13,32]. It has brought a new
dimension to evaluate GWSA changes in the large and small spatial scales of any hotspot region. For instance, GRACE-based GWSA
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Fig. 1. Study area (a), Ethiopia and its major basins (b), and Upper Blue Nile Basin (c).
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studies were carried out in large regions, such as the Middle East, India, China, Australia, and the United [11,33]. Estimation of GW
depletion in Brazil [34] and GW (including soil moisture) changes in Ethiopia were a few evidences that GRACE data can also be
applied to small-scale regions. In general, monitoring large-scale and small-scale GWSA studies employing GRACE/GRACE-FO changes
has been increasing from time to time, thereby in-situ observation networks have been found to decline in coverage in recent years
around the world [35].

However, GRACE provides only the terrestrial water storage anomaly (TWSA) of the earth, which integrates GWSA, surface water
storage anomaly (SWSA), soil moisture storage anomaly (SMSA), and snow water equivalent storage change (SWESA). Global Land
Data Assimilation Systems (GLDAS) land surface models have been used to disintegrate the GRACE-derived TWSA into its components
and obtain GWSA. In the present study, the new version of GLDAS (GLDAS-2.2), which assimilates GRACE/GRACE-FO into the GLDAS
land surface model, was employed. The specific objectives of the present study are to (1) produce the spatial and temporal GWSA
variations, (2) assess the temporal GWSA trends by applying the modified Mann-Kendall’s test and Sen’s Slope estimator, and (3)
compute the loss and or gain of groundwater in the past 20 years (2003-2022) in the data-scarce region, Lake Tana sub-basin, Ethiopia.

2. Materials and methods
2.1. Study area description

The Tana sub-basin (Fig. 1 a) is located in the northwestern part of Ethiopia (Fig. 1b) and is part of the Upper Blue Nile Basin (Fig. 1
¢). It encompasses a total surface area of 15,092 km?, with Lake Tana occupying 3047 km?, making it the largest lake in Ethiopia.

The climate of the study area is controlled by a tropical highland monsoon with a wet season (June-September) and dry (Octo-
ber-March) seasons [36,37]. The maximum mean monthly rainfall ranges from 250 to 330 mm/month during the wet season which
mainly runs from July to August and the average annual rainfall reaches 1400 mm [23,38,39]. The mean annual temperature of the
study area is 20 °C and it shows small seasonal variability [40]. The four major rivers feeding Lake Tana are Gilgel Abbay, Gumara,
Ribb and Megech. The dominant land use/cover in the study region includes grassland, marshland, cultivated land and forest [23].

The lithological formations of the study region comprise Tarmaber basalts, volcanic center basalts, alluvium and lacustrine de-
posits, marsh soil, colluvium, Lateriteon Amba Alaji and Rhyolite Amba Aiba basalts [23,41,42]. There are also several soil types in the
study area such as Haplic and Chromic Luvisols, Eutric soils (Leptosols, Vertisols, and Fluvisols), Lithic Leptosols, and Haplic Alisols
[23,43].

2.2. Dataset and analysis

2.2.1. GRACE

The GRACE (Gravity Recovery and Climate Experiment) [44] and GRACE-Follow On (GRACE-FO) [45] provide accurate monthly
earth gravity field measurements of water resources. The GRACE and GRACE-FO satellite datasets can be accessed from the Center for
Space Research (CSR), Goddard Space Flight Center (GSFC), GeoForschungs Zentrum Potsdam (GFZ), and Jet Propulsion Laboratory
(JPL) in different algorithms [46,47]. This GRACE satellite dataset has two solutions, mass concentration (Mascon) and spherical
harmonics (SH). The GRACE Mascon solution has less leakage than the SH solution [48,49]. Moreover, the Mascon solution does not
need post-processing, filtering and has less dependency on scale factors [49,50]. Moreover, it is confirmed in the previous study that
the Mascon obtained from CSR has less uncertainty than the GRACE spherical harmonics in the Nile River basin that includes the
present study area [51]. Therefore, the GRACE CSR-Mascon data assimilated with the latest GLDAS land surface model [50] was
employed here.

2.2.2. GLDAS

Global Land Data Assimilation System (GLDAS) data is the first global high-resolution (1°-0.25°) land surface modelling method
coupling ground-based and satellite-based observations. GLDAS produces TWS (encompasses SMS, SWES, canopy water storage (CWS)
and surface runoff, Qs) and other hydrological fluxes [52-54]. It currently involves five Land Surface Models (LSMs) including the
Variable Infiltration Capacity (VIC) model [55], the Mosaic model (Mosaic) [56], the Community Land Model (CLM) [57], the NOAH
model [58,59], and Catchment Land Surface Model (CLSM) [50].

Among the GLDAS data, GLDAS version 2.2 (GLDAS-2.2) is a unique and advanced CLSM. It provides direct daily and finer (0.25°)
spatial resolution GWS data including TWS and SMS from February 2003 to the present. This latest version of the GLDAS data is
produced by combining observational data, modelled data, and Data Assimilation (DA) from GRACE/GRACE = FO [50,60]. The
GRACE data selected for GLDAS-2.2 DA is a CSR Mascon solution. The selection was because the CSR mascon solution has the best
spatiotemporal resolution of the other GRACE products and it needs no post-processing besides its fewer leakage errors [50].
GLDAS-2.2 is critical for providing finer spatiotemporal resolution and continues direct TWS and GWS acquisition other than other
GRACE and GLDAS datasets. GLDAS-2.2 eludes a data gap-filling computation for missing data between the transition period of GRACE
and GRACE-FO, thereby reducing errors. It also avoids the need to calculate GLDAS-derived TWS indirectly from the individual
products. Besides, using GLDAS-2.2 CLSM-derived GWS is used to circumvent mainly the SWS data gap and difficulties to obtain it
from different methods for disaggregating the GRACE/GRACE-FO derived TWS components [61]. More details about GLDAS data can
be found in the GLDAS 2 document [62].

GLDAS-2.2 CLSM data was accessed from (https://disc.gsfc.nasa.gov/datasets? keywords= GLDAS CLSMO025 DA 1 D 2.2 &page
= 1) website. Then, GWSA including TWSA (for comparison) covering the past two decades (2003-2022) was computed by taking a
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time-mean from 2004 to 2009. Open source tools mainly Quantum Geographic Information System (QGIS) and Climate Data Operators
(CDO), python, and R programming language were employed to manipulate and analyze the NetCDF datasets and statistical measures.

2.2.3. Satellite altimetry and precipitation data

Many researchers have used the satellite altimetry derived from missions including GFO, Topex-Poseidon, ERS-2, Jason version 1
and 2, and Envisat to successfully derive the water level in lakes including rivers, reservoirs, and wetlands [63-66]. In general, these
satellites render water level fluctuations for around 150 reservoirs and lakes around the globe, and the datasets are available freely
from http://www.logos.obs-mip.fr/soa/hydro logie/hydroweb. In the present study, the satellite altimetry data (http://www.legos.
obs-mip.fr/soa/hydrologie/hydroweb/Stations Virtuelles/SV Lakes/Tana. html) was used to augment the in-situ Tana Lake level
data gaps. Daily water heights were converted to monthly changes or anomalies using baseline time from 2004 to 2009 for comparison
and verification purposes for the simulated GWSA.

For a better comparison with the gridded GLDAS-2.2 derived GWSA, monthly rainfall was obtained from Climate Hazards Group
Infrared Precipitation with Stations (CHIRPS) version 2.0. CHIRPS was 0.05° by 0.05-degree spatial resolution rainfall data from 1981
to present and accessed from the website (https://data.chc.ucsb.edu/products/CHIRPS-2.0/global monthly/netcdf/). CHIRPS was
earlier verified by the in-situ rain gauges for Ethiopia and particularly for the present study area [67,68]. It was also verified and found
a very high correlation (R = 0.99) with the rain gauges of the study area before use in the present study.

2.2.4. Ground-based measurement data

Time series groundwater level monitoring data, which coincides with GWSA, is required for validation. However, as aforemen-
tioned in the introduction section, there is no in-situ groundwater level data in Ethiopia in general and in the current study area in
particular. In the current study, therefore, eight wells were monitored using a dip meter for validation purposes. The monitored wells
comprised of Dangila well (DW), Durbetie well (DrW), Merawi monitoring well (MMW), Areki Minch monitoring well (AMW),
Guramba monitoring well (GMW), Woreta well (WW), Woreta agricultural well (WaW), and Addis Zemen well (AdW) (Fig. 1). The first
four wells were monitored weekly from July 2021 to November 2022 whereas the other remaining wells were monitored weekly from
November 2021 to November 2022. The recorded water level fluctuation change (Ah) was used to compute the GWSA derived from
these observation wells (GWSA,ps) by multiplying with corresponding specific yield (Sy) values (equation (1)) [69,70].

GWSAp =Ah x Sy (€}

The value of Sy was estimated based on the aquifer material properties [70-72]. It ranges from 0.02 to 0.3 for unconfined and from
0.0001 to 0.001 for confined aquifers [29].

Other publicly available in-situ data including daily precipitation and Tana Lake level were collected from the Ethiopian Water and
Energy Ministry and National Meteorological Institute, respectively, to verify and augment the satellite data.

2.3. Trend analysis

The use of trend analysis techniques is widespread in meteorological and hydrological trend studies. These techniques include
linear regression, the Mann-Kendall test [73,74], a modified version of Mann-Kendall [75], Sen’s slope estimator [76], Spearman’s Rho
test, and innovative trend analysis are widely used in meteorological and hydrological trend studies [77-82]. The parametric linear
regression tool is prone to both outliers and autocorrelation [77]. On the other hand, the non-parametric Mann-Kendall and Spear-
man’s Rho tests are vulnerable to autocorrelation effects in time series data [77,78,81,83]. The innovative trend analysis method is
imperative to aid visual understanding of trends [78], but it is not capable of providing the magnitude of significant trends [77].

The modified Mann-Kendal (MMK) is the robust method, bypasses the effect of autocorrelation, and thus provides the most credible
trend analysis result [77,81,83]. The Sen’s slope estimator (SS) technique is used broadly with MMK to quantify the magnitude of the
significant trends [83-85]. Therefore, MMK and SS trend analysis methods were selected and employed here among the aforemen-
tioned techniques. In these methods, if the p-value is greater than 0.05, it shows no trend, and if it is less than 0.05, it shows there is a
significant upward or downward trend [86,87]. The Sen’s slope sign implies increasing (positive slope) and decreasing (negative slope)
when the absolute value of MMK’s corrected statistic (Z.) is greater than 1.96 at a 95 % confidence interval [83,88]. The formulas
(from Equations (2)-(9)) to be applied here in the trend analysis were also described in the earlier works [81,83-85].

The modified Mann Kendall’s statistical S is given by equation (2):

n—1 n
S=> > sign(Y; - Yi) 2

k=1 k+1

where Yj and Yy are the time series variables at j and k sequential time, respectively and the Sign () function is defined in equation (3):

llf Yj_Yk >0
Sign (Y, = Y.) =4 0if (¥, —¥) =0 .
—lif(Yj—Yk)<0

The corrected standardized MMK’s test statistic (Z.) is computed in equation (4):
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where Vrpyni (S) is MMK s statistical variance. It is the multiplication of conventional MK’s variance (Vr) by a correction factor (Cf)
as follows:

NN —1)(2N +5) = >_d; (d; — 1)(2d; +5)

Vi = Vi X Cf = g x Cf 5)

m

where, N = total number of data points in the temporal data series, m = the number of grouped data points having the same values in
the time series, and d; = the number of data points in the ith group.

To address the issue of autocorrelation of all lags, Ac(i) in time series trend analysis, the correction factor (Cf) was introduced by
Hamed and Rao [75]. It can be estimated as:

2 N-1
) [T — i) (N—i—1)(N—i—2)Ac(i
Cf +N(Nf N =2) X ;(N (N —i—1)(N—i—2)Ac(i) 6)
where,
1 N v v
—> Y, =Y) (Y-
ret) - EAT e 5= D)0 ) .
N _ N —
Vo =Y) 0y X (Y- T)
=1 j=it+1
Sen’s slope (a) is used to determine the magnitude of the linear trend line in equation (8) in the temporal dataset.
f(t)=at+b (€)]

where f(t) is a function of temporal data, a is Sen’s slope, and b is the intercept or constant number. The Sen’s slope (a) is defined as
equation (9):

X — X
a:Median< JJ kk) forall j >k (C)]

The modifiedmk R package was applied to ease the computations in trend analysis.

2.4. Statistical measures for validation

Indices including correlation coefficient (R), coefficient of determination (Rz), and Nash-Sutclife efficiency (NSE) were applied to
show the correlation between simulated GWSA with GWSAps.

2.4.1. Pearson’s correlation coefficient (R) and coefficient of determination (RZ)

Pearson’s correlation coefficient, R shows the correlation between observed data (X) and simulated data (Y). R ranges from —1 to 1
and if it is equal to —1 and 1, the observed or measured and simulated data are perfectly correlated [89]. In this study, the following R
values and the corresponding interpretations were adopted and modified from [90] as 0.9 < R < 1 (very high), 0.7 < R < 0.9 (high),
0.5 < R = 0.7 (moderate), 0.3 < R < 0.5 (low), and R < 0.3 (very low). The coefficient of determination is just the square of R and
generally, a 0.5 R? value is acceptable.

R=——2"! (10)
\/z(xi—X)z) (Y; - Y)?

i=1 i=

Where;
X; and Y; are observed and simulated datasets with the mean value of X and Y, respectively, and N is the total number of datasets.

2.4.2. Nash-sutcliffe efficiency coefficient (NSE)
The values of NSE (equation (8)) range from -oo to 1 and if NSE is closer to 1, it reveals a better modelling accuracy and higher
reliability model. Generally, if the NSE is between 0 and 1, it shows acceptable model performance whereas the 0 and negative values
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are unacceptable simulated values or model performance [89].

i(Xa -Y)?
NSE:1—‘:N‘7 an
> (X - X)?

3. Results
3.1. Temporal GWSA fluctuations

The simulated monthly GWSA time series (from 2003 to 2022) of the Tana sub-basin is depicted in Fig. 2 a. The MMK test and Sen’s
slope estimator trend analysis result revealed an increasingly significant trend (p < 0.05). The trend has a rate of 0.005 cm/month. The
net annual GWSA (Fig. 2 a) also showed a significant increasing trend with a 0.333 cm/year rate. GWSA is one of the major components
of the TWSA in the study region, as it could be understood from Fig. 2 b. The net annual GWSA is greatly correlated (R = 0.998) with
the corresponding TWSA. The trend of the long-term net annual TWSA was significantly increasing as the net annual GWSA. The earlier
study, which was conducted in the Blue Nile Basin (includes the current study area), from 2002 to 2020 also showed a significant
increasing trend of the TWSA [60].

When the first decade (2003-2012) was considered, the net annual GWSA (Fig. 2 b) revealed a declining trend though it was not
statistically significant (p > 0.05). The significant (p < 0.05) increasing trend was observed in the second decade from 2012 to 2022.
The greatest fluctuation of the net annual GWSA was observed from 2004 to 2005 (—3.05 cm/year), 2006 to 2007 (2.93 cm/year), and
from 2018 to 2019 raised at a rate of 3.54 cm/year. The net annual GWSA time series (Fig. 2 b) also revealed that three years (2005,
2006, and 2009) were dry triggering a 0.49 BCM groundwater deficit. This was mainly related to the decrement in precipitation and
Tana Lake levels (Fig. 5a and 5 b) caused by droughts that occurred in the preceding years as pointed out by previous studies [21,91,
92]. Nevertheless, in the entire study period (2003-2022), the study area experienced a net gain of 40.43 cm of groundwater.
Considering the Tana sub-basin area as 12,045 km? (without Lake Tana area), the total gain of groundwater was 4.87 BCM for the past
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two decades. The corresponding spatial fluctuations of 20 years of GWSA are depicted in Fig. 4.

Multi-year (two decades) monthly mean of GWSA elucidated how GWSA fluctuation behaved in the past two decades. For com-
parison purposes, it was depicted with a very highly correlated twenty-year monthly mean TWSA (Fig. 2 c). Fig. 2 c revealed that the
study year’s monthly mean GWSA dropped during the drier months (mainly from March to May) and elevated during the wet months
especially from July to September ensuing the rainfall pattern. The two-decade monthly mean GWSA reached the highest positive
value (20.846 cm) (groundwater gain) in September and the highest negative value (—11.998 cm) or loss in May. The great fluctuation
of multi-year monthly mean GWSA was observed from June to July (12.39 cm/month) and from July to August (14.12 cm/month).
The corresponding spatial variation is portrayed in Fig. 3.
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Fig. 4. The net annual GWSA spatial variations
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Fig. 4. (continued).
3.2. Spatial variations

The multi-year (2003-2022) monthly mean GWSA spatial fluctuations are presented in Fig. 3. The great spatial variation was
depicted from June to July and from July to August in the near northern, southern, and eastern directions of Lake Tana. The highest
deficit (—12.00 cm) of groundwater was observed in May in the southern portion of the study area. Then again, the highest
groundwater gain (20.85 cm) was seen in September around the southern and eastern directions of Lake Tana.

Generally, the past two decades monthly mean GWSA displayed that the most sensitive parts of the region to noticeable fluctuations
were around Lake Tana in the eastern, southern, and northern directions. This was attributed to the fact that these portions of the study
area have the highest groundwater potential zones [21,23,93]. On the other hand, most of the far northern and other parts of the
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Fig. 4. (continued).

sub-basin revealed minor GWSA variations that pointed out the poor recharge capacity and lower groundwater potential zones [21,
94].

The annual GWSA (Fig. 4) also revealed that substantial spatial variations are taking place in the vicinity of Lake Tana mainly the
near southern and eastern parts. For example, net annual GWSA dropped at a rate of —3.05 cm/year from 2004 to 2005, and this was
observed near Lake Tana in south and east directions. In the same fashion, when the annual GWSA rose from 2006 to 2007 (2.926 cm/
year) and from 2018 to 2019 (3.545 cm/year), conspicuous increasing changes were seen in these parts of the study area. The highest
gain (5.56 cm) and greatest loss (—1.69 cm) of the net annual GWSA were also recorded in the year 2020 and 2006, respectively, in
these places. Further details can be inferred from Fig. 4.

3.3. Validation of GWSA

The simulated GWSA may have limitations associated with the data used. The data applied here was the CSR (Mascon solution)
GRACE/GRACE-FO assimilated with GLDAS CLSM land surface model, GLDAS-2.2. The potential errors accompanied by GRACE/
GRACE-FO are correlation errors, leakage errors, and errors related to the scale factors [49,95,96]. However, the CSR Mascon solu-
tion has fewer errors, which potentially come from the above-mentioned sources of errors [49,95,96]. The limitation of the GLDAS
CLSM land surface model is that it can not fully estimate surface water storage (only uses runoff and canopy water as a proxy of SWS)
[53,54], thereby errors may occur.

Therefore, GWSA verification with independent sort of data was carried out as follows. Groundwater fluctuations in the study
region are influenced by hydrological and meteorological factors. It feeds rivers of the watershed and in turn, rivers nurture Lake Tana
[25,28-30]. A past study [92] also confirmed that the TWSA of the Upper Blue Nile is strongly governed by meteorological factors
mainly precipitation. Therefore, GWSA can be compared with Lake Tana level anomaly (LTLA) and precipitation anomaly (PrAn)
besides the in-situ well-monitoring data to verify the simulated GWSA.

Monthly GWSA exhibited the same cyclic pattern and increasing trend as the LTLA and PrAn except for time lags. Monthly GWSA
reached its highest amplitude in September, but PrAn and LTLA peaked in July and October/September, respectively (Fig. 5 a). After
time lags adjustment, GWSA showed highly correlated (R = 0.84, NSE = 0.29) with LTLA, and with PrAn (R = 0.88, NSE = 0.73). The
net annual GWSA also exhibited a good association with the net annual PrAn and LTLA except for some discrepancies as portrayed in
Fig. 5 b. These two monthly and annual independent data anomalies experienced a significant increasing trend (p < 0.05) in the study
period. Fig. 5 c also portrayed how the 20-year monthly mean GWSA varied with the corresponding PrAn and LTLA. Multi-year
monthly mean of GWSA fluctuated consistently with PrAn and LTLA except for the speculated time lags. As conspicuously shown
in Fig. 5 c, the correlation of Multi-year monthly mean GWSA with LTLA is high (R = 0.85), whereas with PrAn is low (R = 0.33).

Besides, GWSA validation was computed with observed groundwater storage anomaly (GWSA,ps) derived from eight in-situ
measured groundwater levels at the end of the study period. The correlation analysis was carried out between each GWSA that was
computed at each monitoring point and the respective GWSA,ps. The analysis results revealed a high to very high correlation (R ranged
from 0.78 to 0.96), demonstrating nearly the same fluctuation pattern. The WW-GWSA, which was simulated at the point of WW
monitoring point, was highly correlated (R = 0.78) with the observed WW-derived GWSA (WW-GWSA.ps) (Fig. 6 a). A very high
correlation (R = 0.96) was also recorded between DriW-GWSA and DrW-GWSAps (Fig. 6 a).

On the other hand, the highest fit (NSE = 0.85) was observed between WaW-GWSA and WaW-GWSAs (Fig. 6 b). Above all, the
best fit (R = 0.95 and NSE = 0.85) was also observed between the WaW-GWSA and WaW-GWSAps. The greater values of NSE and R at
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Fig. 5. Monthly (a), net annual (b), and monthly mean (c) of GWSA, PrAn, and LTLA.

the same time indicated that the simulated GWSA and GWSAy,s exhibited similar temporal fluctuation pattern and amplitude as well.
The estimated GWSA and GWSAps at the WaW and AMW monitoring wells were the best examples compared to others (Fig. 6 b). On
the other hand, the greater values of R, but relatively less values of NSE (for instance, Fig. 6 c) pointed out the greater magnitude
difference between the calculated GWSA and GWSAys. Fig. 6 d also showed very high correlation (R = 0.9) between the simulated
GWSA and the GWSAps, which was calculated based on the water table fluctuation method. Generally, the validation results revealed
that the simulated GWSA is the plausible result in the present study area.

3.4. Discussions

In the present study, efforts have been made to evaluate the spatial and temporal dynamics of groundwater, GWSA in the Tana sub-
basin. This research is the first of its kind in the Tana-sub basin applying the latest GLDAS version (GLDAS-2.2). The current study
provides good insights into the temporal cyclic patterns, spatial variations, and the factors affecting GWSA for the past two decades.

The monthly GWSA (Fig. 2 a), throughout the study years, showed the annual fluctuation following the rainfall pattern. This
indicated that rainfall is the main source of recharge for the unconfined aquifers-dominated region, the Tana sub-basin. This is in line
with related research done in this region [21]. As described above in the validation of the GWSA section, GWSA fluctuation exhibited a
strong connection with the rainfall and the Lake Tana water anomalies that are governed by climatic events [92]. The absence of
recharge and the increased use of groundwater mainly for domestic and irrigation activities in the dry months might be the main
reasons for groundwater loss in the region [97,98].

In the first decade of the study period, 0.49 BCM groundwater loss occurred in the three years including 2005, 2006, and 2009
(Fig. 2 b). The negative values of the net annual GWSA (groundwater loss) in the year 2006 were observed while the corresponding
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Fig. 6. Comparison between simulated GWSA and observed GWSA: (a) subplot portrays the relation between DrW-GWSA and DrW-GWSAps (R =
0.96 and NSE = 0.36), and between WW-GWSA and WW-GWSA,s (R = 0.78 and NSE = 0.41); (b) the relation between AMW- GWSA and AMW-
GWSA,ps (R = 0.8, NSE = 0.6), and between WaW-GWSA, and WaW-GWSA,s (R = 0.95, NSE = 0.85); (c) the relation between GMW-GWSA and
GMW-GWSA s (R = 0.95, NSE = 0.33), and between AdW-GWSA and AdW-GWSA s (R = 0.86, NSE = 0.35); (d) the relation between DW-GWSA
and DW-GWSAps (R = 0.9, NSE = 0.45), and between MMW-GWSA and MMW-GWSAps (R = 0.9, NSE = 0.4).

PrAn and LTLA showed positive values (Fig. 5 b). This might be due to the effects of consecutive negative values of the net PrAn and
LTLA from 2003 to 2005. Groundwater loss in the years 2005 and 2009, however, was consistent with the net annual PrAn and LTLA.

The net annual PrAn showed a greater negative value in the year 2009 for which both the corresponding GWSA and LTLA
responded immediately. Previous studies also testified that since precipitation is the main source of groundwater recharge, the loss of
groundwater in the abovementioned years is attributed to climate events (droughts) [91,92]. It was also evidenced by the earlier work
[21] that combined groundwater and soil moisture storage loss occurrence from 2003 to 2013 in the Tana sub-basin. However, after
2010, the net annual GWSA increased positively, thereby a greater amount of gain than the loss of groundwater following the net
annual LTLA and PrAn (Fig. 5b). This enabled the net annual GWSA to exhibit a significantly increased trend in the entire study years.
The significant increasing trend of TWSA in the present study region (from 2002 to 2020) [60] and the nearby study area (from 2002 to
2017) [91] supported the present long-term net annual GWSA trend.

The spatial multi-year monthly mean GWSA envisaged that all parts of the study area have negative values from February to June
(Fig. 3). Quite the opposite, the entire study area portions have positive monthly mean GWSA from August to November (Fig. 3). This
displayed the presence of groundwater recharge from precipitation during the wet season [21,99]. The multi-year monthly mean
GWSA variability was higher mainly in the southern and eastern periphery of Lake Tana. This was because these parts of the study area
were replenished by the high amount of rainfall [100]. The net annual GWSA maps also presented that considerable fluctuations were
confined to these hotspot parts of the sub-basin. Parts of the study area around Lake Tana have flat terrain, soil types promoting
recharge, relatively high rainfall, and high groundwater potential [21,23,39]. These deriving factors may be the reason that noticeable
groundwater fluctuations were observed in those areas.

Verification of the simulated monthly, long-term mean monthly, and net annual GWSA were carried out and the results showed
good consistencies with the corresponding precipitation and Tana Lake level anomalies. Further, the point-wise comparisons took
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place using the water table fluctuation method from eight observation wells’ data. The comparison exhibited similar fluctuation
patterns or high correlations. However, the amplitudes of the GWSA derived from observation wells were higher than those derived
from GLDAS-2.2. A similar finding was witnessed in the present case [102]. It might be due to uncertainties associated with specific
yield (Sy) estimation and in-situ water table measurement imperfections [98,103]. In general, it can be comprehended that the results
obtained in the study using GLDAS-2.2 are plausible; and are governed by precipitation, climatic events (droughts), anthropogenic
activities, topography, and other groundwater recharge influencing factors [21,97,98,100,101].

Promoting afforestation, water harvesting techniques (for example, terracing hillsides), and recharge-enhancing irrigation methods
like furrows are recommended to circumvent groundwater loss and stream reduction during droughts. The present study provides
reliable decisive information to the concerned bodies for sustainable surface-groundwater management and utilization. The present
study establishes groundwork for further investigations utilizing the GLDAS-2.2 land surface model to examine groundwater storage
conditions for further and future examinations including the effect of climate change and land use/cover changes.

4. Conclusion and recommendation

This study assessed the long-term groundwater storage anomaly (GWSA) in the Tana sub-basin for the last 20 years period
employing GLDAS-2.2 derived groundwater storage data. The spatial and temporal variability of the GWSA were assessed and the main
deriving factors are precipitation and drought. The Lake Tana level fluctuation, rainfall anomaly, and in-situ groundwater level-
derived anomaly were used to validate the GWSA, and the results revealed a strong correlation. The main findings were the following.

e Groundwater storage data obtained from the latest version of the GLDAS (GLDAS-2.2) land surface model is reliable for GWS
variability assessments.

e The conspicuous GWSA spatial fluctuations were observed around Lake Tana, especially in the south and east directions.

e The monthly and net annual GWSA exhibited statistically significant (p < 0.05) increasing trend with a rate of 0.005 cm/month and
0.333 cm/year, respectively.

e The Tana sub-basin was nurtured with a net 4.87 BCM groundwater gain in the last two decades (from 2003 to 2022) study period.

Although the overall GWSA showed a significant increasing trend, this study endorses the concerned bodies to adopt recharge
enhancement techniques to diminish groundwater loss and stream reduction during climatic extremes.
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