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Runoff Dynamics and Its Regime Changes in the
Major River Basins of Africa From GRACE
and GRACE-FO Observations

Ayman M. Elameen ', Shuanggen Jin

Abstract—The major African basins supply freshwater to
around 0.5 billion people, while monitoring runoff fluctuations
in these basins is still challenging due to limited in-situ data and
high costs. Hydrologic models are widely used for this purpose,
but they have certain drawbacks with larger uncertainty and
low accuracy in poorly gauged basins. This study attempts to
address this issue by using Gravity Recovery and Climate Experi-
ment (GRACE)/GRACE Follow-On (GRACE-FO) satellite mea-
surements and remote sensing data to estimate runoff changes
in five major African basins from 2003 to 2019. Moreover, a
comprehensive framework was developed to quantify interannual
and intraannual runoff regimes and their changes from the per-
spectives of magnitude, variability, and duration. Results showed
that runoff changes estimated from GRACE/GRACE-FO in the
major African basins were in good alignment with those from
the Global Land Data Assimilation System, European Centre for
Medium-Range Weather Forecasts Reanalysis 5, and Soil Conser-
vation Service-Curve Number. Seasonal runoff increased in the
Nile (0.12 to 0.46 mm/a, p < 0.05) and Congo (0.52 to 0.76 mm/a,
p < 0.05) basins during 2003-2019, while it was decreased in the
Zambezi (-1 to —0.34 mm/a, p < 0.05) and Orange (-0.54 to -0.24
mm/a, p < 0.05) basins during the same period. Further in-depth
analysis showed that the impacts of climate change in the study
area were the primary contributors to changes in runoff. Monthly
runoff in the Nile, Congo, and Niger basins showed an increase in
magnitude, duration, and variability. In contrast, the Zambezi and
Orange basins experienced a decrease in runoff magnitude, along
with reduced variability and duration. In addition, large-scale
atmospheric circulations, such as EI-Nino Southern Oscillation
Index and Indian Ocean Dipole, have been found to be associated
with changes in runoff within the study area, as demonstrated by
correlation and wavelet analysis. Our findings provided valuable
insights into long-term runoff changes in major African basins
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and enhanced the understanding of hydrologic processes in poorly
gauged regions.

Index Terms—Africa, climate change, gravity recovery and
climate experiment (GRACE)/GRACE follow-on (GRACE-FO),
major river basins, runoff.

I. INTRODUCTION

T is well recognized that river basins play an essential role in
I supporting societal and economic development, particularly
concerning water stability and scarcity in Africa. Recent studies
have pointed out the impacts of climate change and increasing
population on world’s river basins [1], [2]. Thus, it is neces-
sary to measure and evaluate the water cycle state of basins,
specifically in regions with alarming hydrologic conditions, to
ensure freshwater supply, regulate water quality and quantity,
and mitigate hazards associated with climate changes (e.g.,
floods and droughts). Runoff, as one of most fundamental and
dynamic parameters of the water cycle, has a determining role in
the regional hydrologic system by shaping the availability and
distribution of water resources. Hence, it is important to under-
stand the fluctuations in runoff and underlying causes under the
changing environment for better water resources management
(31, [4]. [5]-

Conventionally, variations in the runoff level are estimated
using in-situ monitoring stations [6]. However, in many African
regions, long-term runoff records remain challenging due to in-
adequate hydrometeorological infrastructure and financial con-
straints [7]. This jeopardizes the grasping of hydrologic pro-
cesses and water resources management over these regions.
Nowadays, there has been increasing global runoff estimates
derived from different models, such as the Global Land Data
Assimilation System (GLDAS) [8], the WaterGAP model [9],
and the Famine Early Warning Systems Network Land Data
Assimilation System [10]. Although these techniques provide
a unique opportunity for large-scale monitoring of runoff, they
have significant uncertainties in regions with insufficient field
observations [11]. As a result, this may limit their applicability
in poorly gauged African basins. On the other hand, creating a
physical-based model (e.g., Soil and Water Assessment Tool),
particularly over a large spatial extent, demands huge sets of
information, complex parameterization, greater computational
capability, and validation process against in-situ records, which
is limited or discontinuous due to missing data [6]. Therefore,
it is important to employ alternative approaches such as remote
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sensing techniques, which can offer accurate information on the
variations in runoff.

Since the mission of Gravity Recovery and Climate Experi-
ment (GRACE) and GRACE Follow-On (GRACE-FO) satellites
have been launched [12], [13], significant estimates on the
variations in total water storage (TWS) with global coverage
have been supplied to hydrologists and researchers [14], [15],
[16]. These satellites can determine fluctuations in the gravity
field and directly offer mass redistribution and variations in the
volume of water resources [16], [17], including surface water,
soil moisture, groundwater, snow, and glaciers over a wide
extent [13]. Numerous studies have been conducted for different
purposes utilizing the information derived from the GRACE
and GRACE-FO satellites, for example, estimation of TWS
[18], [19], [20], [21], groundwater storage change assessment
[12], [22], [23], [24], monitoring drought and flood [25], [26],
[27], tracking glacier and snow melting [28], [29], [30], [31],
calculating evapotranspiration (ET) [32], [33], [34], [35], and
surveying and navigating investigations [36], [37], [38], [39].

One of the most significant and practical capabilities of
GRACE/GRACE-FO satellites datasets is the estimation of
runoff. So far, numerous works worldwide [6], [40], [41], [42],
[43], [44], [45], [46] have reported to estimate and evaluate
variations in runoff. Despite its great importance of monitoring
the variability of a river’s runoff and developing a sustain-
able management plan in Africa with critical water resource
situations, limited studies have concentrated on the estima-
tion of runoff fluctuations using GRACE/GRACE-FO datasets
[47], [48].

Although several remote sensing tools exist for runoff esti-
mation, including precipitation (Prec) missions [e.g., tropical
rainfall measuring mission (TRMM) and global precipitation
measurement (GPM)], ET products (e.g., moderate resolution
imaging spectroradiometer (MODIS) and Landsat), soil mois-
ture datasets [e.g., soil moisture active passive (SMAP) and
soil moisture and ocean salinity (SMOS)], and river altimetry
missions [e.g., surface water and ocean topography (SWOT)
and Jason series] [49], [50], [51], [52], these platforms pri-
marily provide surface-based observations. As a result, they
require integration through complex hydrological models to in-
fer runoff, often introducing substantial uncertainty, particularly
regarding subsurface contributions. In contrast, GRACE and
GRACE-FO offer a unique advantage by directly measuring
changes in terrestrial water storage (TWS), encompassing all
water compartments [53], including surface water, soil moisture,
groundwater, snow, and ice. This integrated perspective enables
a more physically consistent estimation of runoff via the water
balance approach. Unlike traditional remote sensing products,
GRACE observations are unaffected by vegetation cover, atmo-
spheric variability, or land surface heterogeneity, making them
especially useful in data-scarce and groundwater-dependent
basins. While the spatial resolution of GRACE is coarser than
other satellite products, its ability to capture both surface and
subsurface hydrological changes makes it a uniquely powerful
and reliable tool for large-scale runoff assessments.

Changes in runoff have affected freshwater ecosystems and
food diversity globally [3], [49], [54]. As such, several studies
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conducted over Africa in recent decades have focused on tem-
poral and spatial changes of runoff. For example, in the Nile
basin, Gebremicael et al. [55] and Abebe et al. [56] quantified
runoff changes in the Blue Nile subbasin using field observations
for the periods 1971-2009 and 1984-2014, respectively. Both
studies reported increasing runoff trends, largely attributed to
shifts in climate. Similarly, Dinka and Klik [57] applied the Soil
Conservation Service-Curve Number (SCS-CN) hydrological
model in the Lake Basaka catchment (Upper Blue Nile basin),
finding a statistically significant increase in runoff from 1973
to 2007. In the Congo basin, runoff remains relatively stable
due to dense rainforest cover [58], although deforestation is
expected to affect long-term runoff dynamics [59], [60]. In the
Niger basin, Mahé and Paturel [61] examined runoff variability
across the Sahelian zone using in-situ gauge data (1970-2006),
identifying a sharp decline during the 1970s-1980s drought
period, followed by partial recovery from the 1990s onward.
Efon et al. [62] analyzed European Centre for Medium-Range
Weather Forecasts Reanalysis 5 (ERAS) data spanning 41 years
and observed overall decreasing trends in both annual and
seasonal runoff across West Africa, including the Niger basin.
Future projections suggest increased runoff in the upper Niger
basin but a continued decline in the Sahelian zone [63]. In
the Zambezi basin, studies revealed spatially heterogeneous
trends—both increasing and decreasing—primarily influenced
by climate variability and hydraulic infrastructure development
[63], [64], [65]. Most assessments in the Orange basin report de-
clining runoff, driven by both climate change and anthropogenic
activities such as irrigation and industrial water abstraction [66],
[67]. In North Africa, Achite et al. [68] used hydrological station
data from 1973 to 2012 to identify decreasing runoff trends in
the Wadi Mina basin in northwestern Algeria. Similarly, in the
Lake Chad basin, Mahmood and Jia [69] combined hydrologic
engineering center-hydrologic modeling system (HEC-HMS)
modeling with in-situ data and found a substantial decline in
annual runoff from 1951 to 2013. Regional studies such as those
mentioned earlier were mainly concentrated on the change rate
to analyze the variations in runoff. However, this may not lead to
a sufficient understanding of the overall variations in the runoff
conditions. The alterations in the runoff regime can be analyzed
using various indicators [70], [71], [72], [73] and reflected in
different dimensions, including magnitude, frequency, duration,
timing, and rate of change [74], [75], [76], [77], [78], [79],
[80]. However, the understanding of runoff dynamics and regime
shifts remains limited across Africa’s major river basins, largely
due to data constraints and insufficient basin-scale analyses.
Investigating the relationship between changes in runoff and
their potential driving factors has become a prominent area of
research in recent years. Typically, the drivers of runoff variabil-
ity include both regional and global environmental factors [81],
[82]. The regional environmental factors encompass climatic
variables (Prec, temperature (Temp), and potential ET) [4],
vegetation [83], and human activities [84]. The global environ-
mental factors refer to large-scale atmospheric circulations [85],
such as EI-Nino Southern Oscillation Index (ENSO) and Indian
Ocean Dipole (10D) [86]. While the interactions between runoff
and regional environmental factors have been relatively well



ELAMEEN et al.: RUNOFF DYNAMICS AND ITS REGIME CHANGES IN THE MAJOR RIVER BASINS OF AFRICA

22893

TABLE |
AREA, LENGTH, CLIMATE, AND MEAN ELEVATION OF BASINS CONSIDERED IN THIS STUDY

River basin Area (105 km?)  Length (Km) Climate Elevation (m)
Nile 31.8 6700 Semiarid 726
Congo 37.5 4667 Humid 737
Niger 21.8 4200 Semiarid 419
Zambezi 13.8 2650 Semiarid 1003
Orange 9.7 2300 Semiarid 270

investigated [69], [87], [88], very few investigations have docu-
mented the teleconnection between global atmospheric circula-
tions and runoff in Africa [86], [89]. Most of the existing studies
dwelt on regions with hydrological datasets that are sufficiently
long and complete. In areas where data are scarce and variability
is high, understanding the global climatic teleconnections that
drive runoff variability can be limited. However, recent advance-
ments in remote sensing technology, such as the capabilities of
GRACE/GRACE-FO satellites to provide accurate runoff esti-
mates over large areas, can help address this issue. This approach
will enhance our understanding of the relationship between
global atmospheric circulations and runoff variability in regions
with limited data. Furthermore, early studies were mainly fo-
cused on certain timescales (e.g., interannual) to analyze the ef-
fect of large-scale atmospheric circulations on runoff. According
to Li et al. [90], investigating the relationship between control-
ling factors and runoff at various timescales can provide a clearer
explanation of how these factors influence changes in runoff.
Therefore, it is essential to examine the impact of global climate
teleconnections on runoff across multiple scales to gain a deeper
understanding of the mechanisms driving runoff variability.

In recognition of the research progress, gaps, and opportuni-
ties expatiated earlier, this study utilized GRACE/GRACE-FO
satellites observations to estimate long-sequence runoff changes
in Africa’s five major river basins (i.e., Nile, Congo, Niger, Zam-
bezi, and Orange) from January 2003 to December 2019. The
variations are characterized in seasonal runoff, and the responses
with climate factors were analyzed in depth. Furthermore, we
proposed a statistical framework to quantify the alterations in the
runoff regime from the aspects of magnitude, variability, and
duration, in which both inter- and intraannual runoff regimes
and their changes were analyzed and investigated. In addi-
tion, considering the role of global climate teleconnections in
runoff variability, the coupling relationships between runoff and
the climate teleconnection modes were examined at different
timescales using Pearson correlation and wavelet coherence
analysis.

1. STUDY AREAS AND DATA
A. Description of the Study Domain

Africa is the second-largest continent in the world, encom-
passing an area of approximately 30 million km?. It is also the
second most populous continent, with a population of around

1.5 billion people [91]. It contains 63 transboundary river basins
that cover about 64% of its land mass and also home to around
77% of Africa’s population [92]. This study focuses on Africa’s
five major river basins: the Nile River Basin (NRB), Congo
River Basin (CRB), Niger River Basin (NIRB), Zambezi River
Basin (ZRB), and Orange River Basin (ORB) (see Fig. 1). These
basins represent the major sources of temporal variations of
hydrological masses throughout the continent. They lie between
32.6°St0 31.4°N and 11.5°W to 39.8°E and cover a broad range
of different sizes and climate zones. Further details regarding
these basins are provided in Table I.

B. Prec Data

In this study, we obtained the Prec dataset (2003-2019) from
the TRMM [50]. This dataset has found extensive application in
hydrological, meteorological, and ecological studies, especially
in regions with limited availability of ground-based Prec mea-
surements [93], [26]. The level 3 monthly gridded data product
(TRMM-3B43), with a 0.25° x 0.25° spatial resolution, was
utilized in this study. The data can be accessed online.*

C. ET Data

We collected the monthly ET dataset from the Global Land
Evapotranspiration Amsterdam model (GLEAM). The GLEAM
estimates different components of land ET using the Priestley—
Taylor equation [94]. The primary variables involve air Temp,
land surface temperature (LST), Prec, soil moisture, vegetation
optical depth, and snow water equivalent [95]. The recent version
of GLEAM v4.1a at a spatial resolution of 0.25° was utilized in
this study, and the data were acquired online.> Remote-sensing-
based ET data from the MODIS were also used in this study. The
MODIS ET data are retrieved from the Penman—Monteith for-
mula based on daily reanalysis meteorological data (air pressure,
air Temp, humidity, and radiation) [96]. Here, the MOD16A2
ET product, with a spatial resolution of 500 m and a temporal
resolution of eight days, was used over the period 2003-2019.
The eight-day ET data were averagely weighted to obtain the
monthly ET values. The data are freely available online.?

1[Online]. Available: http://trmm.gsfc.nasa.gov/data_dir/data.html
2[Onling]. Available: https://www.gleam.eu/
3[Online]. Available: https://modis.gsfc.nasa.gov/data/dataprod/mod16.php
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Fig. 1.

D. Runoff Data

This article used the runoff dataset from the GLDAS-2.1
[8] model for comparison and analysis. The GLDAS is jointly
developed by NASA’s Goddard Space Flight Center and the
National Center for Environmental Prediction. The product is
obtained utilizing a land surface model (LSM) and data assim-
ilation technology driven by satellite and ground observation
data[34]. GLDAS-2.1 consists of three models: NOAH, Variable
Infiltration Capacity (VIC), and Community Land Model (CLM)
[97]. For this study, we used 1° monthly runoff from the afore-
mentioned three models during the period of 2003-2019. The
data can be accessed online.* A reanalysis-based runoff dataset
from the ERAS [98] was also utilized in this study. The ERA5
replaced ERA-Interim on 31 August 2019. Its dataset includes
extensive historical data, along with global estimates produced
using advanced modeling and data assimilation systems [62].
This study selected monthly gridded runoff data with a spatial
resolution of 0.25° from 2003 to 2019. The data are freely
available online. ®

4[Online]. Available: https://hydrol.gesdisc.eosdis.nasa.gov/data/ GLDAS
S[Online]. Available: https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/eras
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Location of river basins selected in this study and the elevations along the basins.

E. GRACE and GRACE-FO Observations

The GRACE mission (April 2002 to June 2017) and its suc-
cessor, GRACE-FO (June 2018 to present), were established by
NASA and the German Aerospace Center to monitor the earth’s
gravity field. These data are valuable for studying changes in
TWS across both land and oceans [99]. To date, the datasets
of GRACE/GRACE-FO satellites are mainly obtained from
the Center for Space Research (CSR), the German Research
Center, and the Jet Propulsion Laboratory [100]. The estimation
methods for TWS based on GRACE and GRACE-FO can be
categorized into two groups, depending on different inversion
concepts: the spherical harmonic coefficient (SHC) method and
the mass concentration model [101]. In this study, we selected
the sixth release of the SHC solution processed by the CSR to
derive gridded terrestrial water storage anomaly (TWSA) data
from 2003 to 2019, employing a spatial resolution of 1°. The
data can be accessed online.

F. Datafor LST

The LST data used in this study were obtained from
MODIS [102]. These data are produced by two satellites: Terra

6[Online]. Available: https://www2.csr.utexas.edu/grace
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(MOD11C3) and Aqua (MYD11C3), which were launched in
1999 and 2002, respectively. Terra crosses the equator at 10:30
and 22:30, moving from north to south, while Aqua crosses
at 13:30 and 1:30, traveling from south to north [103]. Monthly
data (MOD11C3/MYD11C3) from the Terra and Aqua satellites
between 2003 and 2019 were utilized in this study. The data
possess a spatial resolution of 0.5° x 0.5° and are available
online.”

G. Curve Number (CN) Data

The CN is a key component of the SCS-CN model [104].
It is a dimensionless value that represents the conversion of
rainfall into runoff. CN values range from 0 to 100, with higher
values indicating a larger percentage of rainfall that is converted
into runoff [105]. The present study used a gridded CN dataset
from the GCN250 product [106]. The GCN250 data are gener-
ated from the combination of European Space Agency Climate
Change Initiative Land Cover Project maps and hydrologic soil
group data of the HY SOGs250m product. The data have a spatial
resolution of 250 m and are available online.®

H. Teleconnection Indices

Monthly teleconnection indices, namely, ENSO and 10D,
were employed in this study to investigate their relationships
with runoff variabilities during 2003-2019. The ENSO?® and
10D data were acquired online.

I1l. METHODS

A. Terrestrial Water Storage Change (TWSC) Estimation
From GRACE/GRACE-FO

GRACE/GRACE-FO SHC time series are converted to
monthly grid equivalent water height (EWH) or TWSA using
the following formula [107]:

aPave Z Z le c0s0) 2l+1

3 Pwater —om=0 K;
(ACyy, cos (md) + ASjy, sin (md)) (1)

where a represents the mean radius of the earth (6378 km), ¢
is the colatitude, A is the longitude, pqae is the mean density
of the earth (5517 kg/m®), pwater is the density of water (1000
kg/m?3), | and mcorrespond to the order and the degree of SHCs,
respectively, P, (cos @) denotes the normalized Legendre
function, K isthe loading love number,and AC;mand AS),,
are the SHC anomalies provided by GRACE and GRACE-FO.

A number of process procedures are applied to the SHC solu-
tion as follows. First, C ; coefficients are replaced by estimates
from the atmosphere and ocean models [108], C »o coefficients
are replaced by solutions from satellite laser ranging [109],

EWH (6,1) =

7[Online]. Available: https://modis.gsfc.nasa.gov/data/

8[Online]. Available: https:/figshare.com/articles/dataset/ GCN250_global_
curve_number_datasets_for_hydrologic_modeling_and_design/7756202

9[Online]. Available: http://psl.noaa.gov/data/

0[Onling].  Available:  http://www.jamstec.go.jp/frcgc/research/d1/iod/
DATA/dmi
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and glacial isostatic adjustment [110] is applied to the solution.
Second, a 300-km-wide Gaussian filter was applied to the SHCs
[111] with a maximum degree/order of 60, and the decorrelation
filter is used to reduce the correlated errors in GRACE/GRACE-
FO data [112]. Thereafter, the leakage reduction and averaging
approach suggested by Khaki et al. [113] is utilized to minimize
the leakage error contributions over the targeted river basins.
Finally, the 18 missing months (from January 2003 to June
2017) in GRACE time series and 11 consecutive months’ data
gaps (from July 2017 to May 2018) represent the gaps among
GRACE ending and GRACE-FO launching periods; in addition,
two missing months in GRACE-FO data (August and September
in 2018) are filled using the singular spectrum analysis (SSA)
gap-filling method [114]. Specifically, we applied a two-step
SSA approach. Short gaps within GRACE (SSA-filling-a) were
filled using a fixed window length (M = 24) and 12 retained
components (K = 12), which effectively preserved the signal.
For the longer 11-month gap between missions and smaller
gaps in GRACE-FO (SSA-filling-b), we used cross validation
to select optimal M (12-72 months) and K (1-12) values for
each SHC by minimizing root-mean-square error. This method
ensured accurate reconstruction of both short- and long-term
variability. MATLAB script is employed for the imputation
process.

In each basin, monthly TWSC is estimated from
GRACE/GRACE-FO monthly TWSA series using the second-
order central differencing function as follows [6]:

Twse _ 45 _ d(TWSA)  TWSA (i +1)~TWSA (t — 1)
2A¢
()

dt  dt
where TWSC is the terrestrial water storage change for month,
TWSA (t + 1) and TWSA (t — 1) are terrestrial water storage
anomaly for months t + 1 and t — 1, respectively, and the time
period A tis taken as one month in the research.

B. Runoff Estimation From GRACE/GRACE-FO and Water
Balance Method

In a certain region or watershed, the water balance equation
utilizing GRACE/GRACE-FO data can be arranged as follows
[41]:

d(TWSA) _ = Prec—ET - R (3)

dt dt
where <> represents the change in TWS (mm), Prec is
precipitation (mm), ET is evapotranspiration (mm), and Ris the
total runoff (mm). By rearranging the aforementioned equation,
the total runoff in our study can be calculated as follows [6]:
ds
R =Prec— ET — — 4
rec e (4)
Herein, dt was directly derived from GRACE/GRACE-FO
datasets, as depicted in (2), the Prec data were provided by
the TRMM, and the ET data were collected from MODIS and
GLEAM products. We resampled the TRMM Prec, MODIS,
and GLEAM grids to match the resolution of the TWSA grid,
ensuring compatibility in spatial scales across all datasets.

ds
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C. SCSCN Model

The SCS-CN is a commonly used approach for determining
runoff depth from a rain event and the characteristics of the
watershed in which it occurs [115]. The technique is relatively
simple to apply, demands less information, and is quite accurate
[104]. The runoff depth is computed with the SCS-CN as follows
[116]:

(Prec — 0.25)?

R = Srec_0ss ®)

where R is the direct runoff, Prec is the precipitation, and S
is the potential maximum retention.
Scan be calculated as follows:

25400

S ="y 24 (6)
CN = i (7

where CN; is the curve number for a particular domain and
A; is the area of the domain.

Inthis study, TRMM Prec and GCN250 CN data are employed
to estimate runoff depth from the SCS-CN method.

D. Time-Series Decomposition

This study implements the Seasonal-Trend decomposition
procedure based on LOESS (STL) approach to decompose the
original time series of the runoff into long-term, seasonal, and
residual signals. The method was suggested by Cleveland et al.
[117] and formulated as follows:

Xr =X +Xs+ Xr (8)

where Xp, X5, Xg,and Xpg represent the original time-
series, long-term, seasonal, and residual variability, respectively.
In this study, we only focus on the long-term trends in the runoff
time series that appear after applying the STL method on a
monthly timescale.

E. Mutation Point |dentification

The detection of the abrupt mutation points in the time series
of runoff is done using the nonparametric Pettitt’s test [118]. This
test is less sensitive to outliers and biases in data in comparison
to other methods [119] and has been utilized in several prior
hydrological studies [3], [120]. For a certain series V (v 1, V 2,
..., Vn ), it can be split into two series v 1, V 2, ..., V¢ and v
+1, V¢ +2, ..., Vn based on the mutation point. The test statistic
Wy nis expressed as follows:

t n
Win = Z ngn(vt—vj), ift =2,..,n (9

i=1j=1

where sgn () is a sign function with values of — 1, 0, or + 1.
The mutation point is defined as follows, where |W, ,|reaches
the maximum:

Qn = Max |Wy .| . (10)
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The level of significance of @, is identified when the p-value
is less than 0.05. The series is separated into two subseries at the
place where the mutation point occurs.

F. Trend Analysis

This study utilized Sen’s slope estimator (SS) to estimate the
rate of change in runoff time series and the modified Mann-
Kendall (MMK) test to determine the statistical significance of
the changes observed. These methods have been widely em-
ployed inthe literature [121], [122]. The MMK test is considered
to be more accurate and adaptive compared to the original Mann—
Kendall test in identifying changes in hydroclimatological time
series [123]. The MMK test is less likely to incorrectly detect a
trend in autocorrelated records [124]. The details regarding the
MMK test and Sen’s SS analysis can be found in [125].

G. Framework for Assessing the Runoff Regime Alterations

Indicatively, we developed a framework to examine changes
in the runoff regime and to understand how climate change
affects the hydrological system in understudied basins. The
proposed framework is analogous to the one utilized in [72]
and [119] for evaluating water storage and flow regimes, in
which both inter- and intraannual regimes were quantified. The
method includes various hydrological metrics (see Table I1) that
can be categorized into three groups: magnitude, variability, and
duration. The differences in metric values between the pre- and
postmutation periods can be regarded as the effects of climate
change. This overall process is summarized in Fig. 2.

The absolute difference in average (MMR50), low (LMR25),
and high monthly runoff (HMR75) between premutation period
and postmutation period (see Table 1) is utilized to evaluate
the magnitude change across the studied basins. In addition,
we utilized standard deviation (STD) and range (maximum-—
minimum) to characterize the intraannual variability of runoff.
Higher variability indicates a more unstable hydrological sys-
tem, and vice versa [72]. To demonstrate changes in variability,
we use the relative differences in range and STD between the
premutation and postmutation periods (see Table I1). In addition,
we illustrate the duration change in runoff storage by examining
the absolute difference in the time of exceeding median runoff
storage (DMR) between these two periods.

H. Pearson’'s Correlation Coefficient (r)

The Pearson correlation coefficient (r) depicts the degree of
linear connection that exists between two time series X and Y
[126]. If r in the following equation is equal to 1, then both time
series have a perfect positive relation; if r is equal to zero, then
the variables do not have any relation:

P, (X - X) (Y -Y)
Vi (XX r, (v -1

where n denotes the number of samples, X marks the mean
value of variable X, and Y connotesthe mean value of variable
Y.

(11)

r=
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Fig. 2. Flowchart of analysis and process for this study.
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TABLE Il
HYDROLOGICAL INDICATORS OF RUNOFF REGIME CHANGE

No. Characteristics Runoff regimes Hydrological metrics Abbreviation Alteration

1 Magnitude Monthly runoff ~ Average monthly runoff AMR AMR; — AMR;
LMR25, -

2 Monthly runoff ~ Low monthly runoff (25th percentile) LMR25 LMR25,
HMR75,—

3 Monthly runoff ~ High monthly runoff (75th percentile) HMRT75 HMRT75,
MMR50, —

4 Monthly runoff ~ Median monthly runoff (50th percentile) MMRS50 MMRS50,
(STD, —

5 Variability Average runoff ~ Standard deviation of monthly mean runoff ~ STD STD,)/STDy

Difference between maximum and minmum (Range, —
6 Average runoff ~ of monthly mean runoff Range Range;)/Range;
7 Duration Median runoff Time exceeding of median runoff DMR DMR; - DMR;

Subscripts 1 and 2 refer to the premutation period and postmutation period, respectively.

I. Taylor Skill Score (TSS)

The TSS is an effective approach for determining how closely
two sets of information are related to one another [127]. The
value of TSS varies between 0 and 1, with higher values indi-
cating better performance. The formula of calculating TSS can
be expressed as follows [91]:

4(1 + R)?

TSS — ;
(00 + C%) (1+ R,)?

(12)

where Rand o, are the correlation coefficient and ratio of STD
between modeled and reference dataset, respectively, and R,
is the maximum possible correlation coefficient value, which is
1.

J. Wavelet Transform Coherence (WTC)

The WTC was used to analyze the coherent variability be-
tween runoff and climate teleconnections (ENSO and I0OD)
across the studied basins. The WTC has strong ability to demon-
strate the mutual high energy area and phase relation in some
sequences [100]. This technique has been widely employed
by numerous scholars to analyze the synchronous fluctuations
between atmospheric circulations and hydroclimatic variables
[100], [128], [129]. The details on WTC can be found in [130].

IV. RESULTS AND ANALYSIS
A. Patterns of Water Storage and Water Balance Fluxes

Fig. 3 shows the interannual and intraannual patterns of Prec,
ET, TWS, and its change (dSdt) over the five major African
basins between 2003 and 2019. For each variable, Table 111 lists
the value of mean annual, range, and the average of wet and dry
seasons.

The 17-year mean Prec calculated from the TRMM was
678.25, 1504, 705.1, 975.5, and 359.7 mm for the NRB, CRB,
NIRB, ZRB, and ORB, respectively. Seasonally, the Nile [see
Fig. 3(f)] and Niger [see Fig. 3(h)] basins received the highest
Prec signals during JJA (June-August), and the lowest dur-
ing DJF (December—February). Likewise, the Zambezi [see
Fig. 3(i)] and Orange [see Fig. 3(j)] basins exhibited their
maximum levels of rainfall during DJF, and the minimum during
JJA. In the Congo basin [see Fig. 3(g)], the largest Prec was
observed during SON (September—November), while the least
during JJIA.

ET is an essential component of the hydrological cycle that
plays a vital role in the water budgets variations in river basins.
Here, we utilized two estimates of ET extracted from MODIS
and GLEAM products to determine changes in runoff across
the studied basins. This was achieved by integrating the ET and
Prec data into GRACE/GRACE-FO observations based on the
water balance framework. From Fig. 3, the two ET time series
exhibited similar distribution patterns during both the inter- and
intraannual phases, with some differences in amplitude. The
mean annual ET derived from MODIS and GLEAM in the period
of 2003-2019 was 603.7 and 477.9 mm for the Nile, 1149 and
1210 mm for the Congo, 627.8 and 449.5 mm for the Niger,
735.4 and 601 mm for the Zambezi, and 339.7 and 167.2 mm
for the Orange basin. The difference in ET performances is
attributed mainly to the differences in input forcing datasets (e.g.,
land cover) and method structures (e.g., modeling approaches)
employed for the generation of different ET products. Fig. 3
further demonstrates that both the ET sequences were in good
agreement with the observed Prec changes in all basins, with
the exception of the Congo basin. For example, the seasonality
of the highest and lowest Prec and ET signals in the Nile basin
[see Fig. 3(h)] occurred simultaneously during the JJA and DJF,
respectively. While in the Congo basin, there was a distinction
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Fig. 3. (a)—(e) Interannual and (f)—(j) intraannual fluctuations time series of Prec (P), ET, TWS, and TWSC (d</dt) in Nile (a), (f), Congo (b), (g), Niger (c), (h),
Zambezi (d), and ORB (e), (j)-
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STATISTICAL REPORT OF ANNUAL AND SEASONAL VALUES OF P, ET, TWS, AND DSDT DURING 2003-2019 FOR THE FIVE MAJOR
BASINS IN AFRICA (UNITS IN MM)

Basin Storage /fluxes Range Ann. mean Wet season Dry season
Prec 11.5-128.3 678.3 Jun.—Aug. (102.9) Dec.—Feb. (14.7)
TWS —42.2t0 59.7 42.2 Sep.—Nov. (52.05)  Mar.—May. (-38.6)
Nile ds/dt —2141t0322 6.0 Jun.—Aug. (26.6) Dec.—Feb. (—18.8)
ET-MODIS 29.9-71.7 603.7 Jun.—Aug. (61.4) Dec.—Feb. (34.9)
ET-GLEAM 17.8-36.5 477.9 Jun.—Aug. (61) Dec.—Feb. (23.8)
Prec 65.6—-177.7 1504 Sep.—Nov. (157.4)  Jun.—Aug. (77.9)
TWS —57.6 t0 36.5 —4.8 Dec.—Feb. (32.7) Sep.—Nov. (—46.2)
Congo ds/dt —29.7t0 35.8 0.6 Sep.—Nov. (27.6) Jun.—Aug. (—24.8)
ET-MODIS 70.1-112.4 1149 Mar.—May. (109.4)  Jun.—Aug. (75.6)
ET-GLEAM 80.4-117.5 1210 Mar.—May. (112.4)  Jun.—Aug. (82.9)
Prec 1.5-177.9 705.1 Jun.—Aug. (136.3) Dec.—Feb. (2.4)
TWS —60.2 to 110 109.2 Sep.—Now. (93.6) Mar. —May. (-56.9)
Niger ds/dt —41.7 to 58.2 5.9 Jun.—Aug. (48.7) Dec.—Feb. ( —23.5)
ET-MODIS 24.4-82.2 627.8 Jun.—Aug. (71.4) Dec.—Feb. (27.1)
ET-GLEAM 9.5-69.9 449.5 Jun.—Aug. (59.2) Dec.—Feb. (14.7)
Prec 1.9-227.5 975.5 Dec.—Feb. (205.8) Jun.—Aug. (2.8)
TWS -1409to 165  38.25 Mar. —May. (133.5)  Sep.—Nov. (=125.4)
Zambezi ds/dt —60.2 t0 96.7 -1 Dec.—Feb. (82.8) Jun.—Aug. (—47.5)
ET-MODIS 20.6-104.1 735.4 Dec.—Feb. (98.8) Jun.—Aug. (26.9)
ET-GLEAM 11.5-96.9 601 Dec.—Feb. (83.7) Jun.—Aug. (23.8)
Prec 4.5-68.3 359.7 Dec.—Feb. (60.1) Jun.—Aug. (6.3)
TWS -14t0 6.9 -16.9 Mar. —May. (5.6) Sep.—Nov. (—=6.7)
Orange ds/dt -5.0t0 7.3 -0.1 Dec.—Feb. (5.4) Jun.—Aug. (-4.5)
ET-MODIS 8.1-52.4 339.7 Dec.—Feb. (48.6) Jun.—Aug. (10)
ET-GLEAM 7.1-22.8 167.2 Dec.—Feb. (22.3) Jun.—Aug. (8.3)

in the seasonality of ET and Prec (i.e., ET peaking in MAM
(March—May) and Prec peaking in SON (see Table I11). A prior
study by Burnett et al. [131] on the ET variations in the Congo
basin also found an imbalance in the peak of ET and Prec
during the rainy season, which supports our findings. The au-
thors attributed this disagreement to a number of environmental
drivers that may also control ET variation, such as diffused
photosynthetically active radiation fraction, net radiation, and
vapor-pressure deficit.

The results derived from GRACE/GRACE-FO datasets re-
vealed diverse patterns in water storage (TWS) across dif-
ferent basins and time periods (see Fig. 3). The highest and
lowest variation in TWS signals was detected in the Zam-
bezi [see Fig. 3(d)] and Orange [see Fig. 3(e)] basins, with

values ranging from -140.9 to 165 mm and -14 to 6.9 mm,
respectively. Furthermore, there was a time lag between the
GRACE/GRACE-FO-derived TWS and Prec across the different
basins. For instance, in the Zambezi basin [see Fig. 3(i)], the
maximum Prec amount was seen in January, while the highest
TWS value appeared in March. Overall, the change in TWS
was clearly observable during the season following the change
in Prec in all the basins (see Table 111). When water enters the
hydrosphere as Prec and it is converted to TWS during the water
distribution process, there is the possibility of a theoretically
delayed response between TWS and Prec [132]. The interactions
between climate variables and the hydrosphere, as well as the
geographical peculiarities of each basin, are the primary driving
forces behind the time lag between TWS and Prec [26]. In this
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study, TWS derived from GRACE/GRACE-FO showed a strong
correlation with Prec, exhibiting a lag of two months in the
NRB, CRB, NIRB, and ZRB and a lag of three months in the
ORB.

The estimated TWSCs (dSdt) from (2) disclosed fluctuating
signals ranging from positive to negative (see Fig. 3). The Zam-
bezi [see Fig. 3(d)] and Orange [see Fig. 3(e)] basins exhibited
the highest and lowest fluctuations in dS/dt signals, with values
ranging from —60.2 to 96.7 mm and -5 to 7.3 mm, respectively.
Moreover, our results revealed a strong agreement between the
seasonality of the maximum dSdt and Prec signals over all
the basins (see Table Ill). The availability of water storage
in structures such as lakes, rivers, and reservoirs is generally
greater during the rainy season. During and after Prec events,
soil moisture and groundwater storage also increase, leading
to a higher TWS, which encompasses surface water in water
bodies, soil moisture, and groundwater [6]. It was observed
that the dS/dt signals were predominantly negative for most of
the year. Specifically, the most extreme negative dS/dt signals
occurred during the DJF period in the NRB and NIRB regions
and during JJA in the CRB, ZRB, and ORB regions. However,
water usage for purposes such as irrigation, industrial needs,
and environmental flow requirements, combined with significant
evaporation and ET losses before the rainy season, contributes
to the negative dS/dt [6].

Based on the displayed results in Fig. 3 and those reported in
the literature [120], [133], [134], there are several discrepancies
between TWS and dS/dt that can be determined. First, the sign
and amplitude of TWS and dS/dt have various meanings. In this
context, positive and negative TWS refer to whether the TWS
during specific periods (such as a month or year) is greater than
or less than its time-series mean. In contrast, positive or negative
dSdt indicates a water storage surplus or deficit during a certain
period compared to a previous period. Higher TWS amplitude
indicates greater regional water storage, while a higher absolute
value of dSdt (JdSdt|) signifies a more rapid exchange of water
storage within the regional hydrological cycle. In addition, the
original TWS values derived from GRACE/GRACE-FO incor-
porate data from both the current month and the previous month
(attimes t — 1 and t). In contrast, dS/dt is determined solely by
the inputs and outputs at the current time, reflecting the changes
between the first and last days of the month. Overall, dS/dt is
more directly related to other water balance terms (e.g., Prec
and ET) than TWS. Therefore, in this study, we convert TWS
signals to dSdt to facilitate integration with other components
of the water cycle (i.e., Prec and ET) in the water balance
equation.

B. Distributions of GRACE/GRACE-FO Estimated Runoff
Figs. 4-6 illustrate the spatiotemporal characteristics of
the GRACE/GRACE-FO-derived runoff estimates over the
major African basins during 2003-2019. For the esti-
mation of runoff, an array of GRACE/GRACE-FO wa-
ter storage change estimates, TRMM Prec measurements,
and ET estimations from MODIS and GLEAM products
were combined through the water budget closure frame-
work. Due to the utilization of different ET records, two
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runoff estimates from GRACE/GRACE-FO were retrieved
as follows: (GRACE/GRACE-FO_TRMM_MODIS)-R and
(GRACE/GRACE-FO_TRMM_GLEAM)-R, which, hereafter,
will be referred to as GRACE-M-R and GRACE-G-R,
respectively.

The monthly average spatial distribution of the two
GRACE/GRACE-FO runoff estimates over the five large
African basins is shown in Fig. 4(a)-(j). A substantial varia-
tion in the spatial distribution of runoff amount is visible for
all the basins. Moreover, the discrepancies between the two
GRACE-GRCE-FO runoff estimates are attributed mainly to
the differences in input forcing datasets (particularly the ET)
for the generation of runoff. Meanwhile, the highest (175-180
mm) and lowest (around 0 mm) runoff values were found in
correspondence of the southern and northern parts of the Nile
basin [see Fig. 4(a) and (f)], respectively, as indicated by both
GRACE/GRACE-FO runoff estimates. Within the Congo basin
[see Fig. 4(b) and (g)], the extreme (130-135 mm) runoff values
were detected over the central zones, while the lowest (0 mm)
values were observed over the southeastern zones. For the Niger
basin [see Fig. 4(c) and (h)], the southern parts received the
highest (150-155 mm) amount of runoff. The runoff amount
was further found to be decreasing toward the northern parts,
reaching 0 mm. In the Zambezi basin [see Fig. 4(d) and (i)], the
northern areas recorded the highest (110-120 mm) runoff values,
while the southern areas experienced the lowest (17-20 mm)
values. In case of the Orange basin [see Fig. 4(e) and (j)], the
maximum (38-70 mm) runoff values were found in the eastern
zones; more so, the runoff amount demonstrated to decline
toward the western zones, where runoff drops to 0 mm.

Overall, the variability in runoff estimates is affected by
several critical factors, such as the variations in rainfall amount,
land and topography cover, vegetation type, and morphology of
the soil. For example, across the Nile basin, the higher runoff
amounts in the southern regions were mainly due to the presence
of Lake Victoria, which represents the source of the White Nile,
one of the major tributaries of the NRB. In contrast, the lower
runoff rates in the northern regions were primarily due to the
limited availability of Prec, as these areas are part of the Sahara
Desert.

To enhance the visualization of the patterns derived from
GRACE/GRACE-FO runoff estimates across the study domain,
we mapped the spatial seasonal runoff patterns for the four
seasons—MAM, JJA, SON, and DJF—using the GRACE-G-R
estimates since it exhibits better performance in representing
runoff changes in the studied basins (see Section I11-C). This is
illustrated in Fig. 5.

Obviously, the seasonal cycle has significant effects on runoff
patterns across all basins. In the Nile basin [see Fig. 5(a)—(d)],
the runoff amount increases from MAM to JJA, with the highest
contribution observed during JJA over the eastern parts, and
decreases from SON to DJF with the lowest contribution during
DJF. This finding is in line with the results of previous study of
Abd-Elbaky and Jin [48] over the NRB. Within the Congo basin
[see Fig. 5(e)—(h)], the runoff values increase from JJA to SON
and from DJF to MAM, respectively. However, the maximum
seasonal runoff was observed during SON over the central zones,
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Fig. 4. Spatial distribution of the estimated runoff from GRACE/GRACE-FO during 2003-2019 over (a), (f) Nile, (b), (g) Congo, (c), (h) Niger, (d), (i) Zambezi,
and (e), (j) Orange basins.
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Fig. 5. (a)—(t) Spatial seasonal distribution of the estimated runoff from GRACE/GRACE-FO during 2003-2019 in major African basins.
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Fig. 6. Temporal distribution of the estimated runoff from GRACE/GRACE-FO during 2003-2019 over (a), (f) Nile, (b), (g) Congo, (c), (h) Niger,
(d), (i) Zambezi, and (e), (j) Orange basins.
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whereas the minimum was recorded during JJA. The Niger
basin [see Fig. 5(i)-(1)], on the other hand, demonstrated similar
seasonal features to the Nile basin, where the runoff amount
increases from MAM to JJA and decreases from DJF to SON.
The largest runoff amount was observed over the southern areas
during JJA, while the smallest amount was registered during
DJF. Efonetal. [62] investigated the spatial seasonal distribution
of runoff over West Africa and indicated that the peak of runoff
occurred in JJA, which is consistent with our findings over the
Niger basin. In the Zambezi basin [see Fig. 4(m)—(p)], the runoff
amount rises from SON to DJF, with the highest contribution
observed during DJF over the upper zones, and declines from
MAM to JJA with the lowest contribution during JJA. The
Orange basin [see Fig. 5(q)—(t)], however, revealed comparable
seasonal characteristics to the Zambezi basin, in which runoff
amount increases from SON to DJF and decreases from MAM
to JJA. The maximum seasonal runoff was observed during DJF
over the eastern zones, while the minimum was detected during
JIA.

Fig. 6 displaysthe annual, interannual, and intraannual tempo-
ral distribution of the two GRACE/GRACE-FO runoff estimates
over the large African basins during 2003-2019. A clear fluc-
tuation in the temporal patterns of runoff is apparent for all the
basins. The highest runoff amount was seen in 2019, 2006, 2012,
2017, and 2006 and the lowest in 2010, 2014, 2011, 2015, and
2015 for the NRB, CRB, NIRB, ZRB, and ORB, respectively
[see Fig. 6(a)—(e)]. The results from the intraannual variability
indicated that runoff in the Nile and Niger [see Fig. 6(f) and
(9)] basins increases from January to the peak at August and
basically decreases from August to December. Alghafli et al.
[49] analyzed the intraannual runoff variability over the Nile
basin and indicated similar results to our findings. Efon et al.
[62] characterized runoff variation over West Africa between
1981 and 2021 using ERAS5 and reported that the large values
of runoff are observed in July and August, which is in line
with our results for the Niger basin. In the Congo basin [see
Fig. 6(h)], runoff rises from January to March and then decreases
until June. It increases again until November, before dropping
once more in December. In the Zambezi and Orange basins [see
Fig. 6(i) and (j)], runoff decreases from its peak in January to
its lowest point in July, before rising again until December. In
general, the differences in runoff patterns can be attributed to
the varying climatological and hydrological backgrounds of the
basins.

For instance, in the Niger basin, the lower runoff observed in
January is due to the dry season in West Africa [135]. Conversely,
the high runoff levels in August result from the significant
rainfall during that period (see Fig. 3).

C. Comparison of Runoff Estimation From
GRACE/GRACE-FO

In this work, the reliability of runoff estimates from
GRACE/GRACE-FO is evaluated by comparing them with es-
timations from numerous runoff product, including the GLDAS
(using NOAH, VIC, and CLM models), the ERAS5, and the SCS-
CN. Details of runoff estimates from SCS-CN are described
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above in Section I11. Fig. 7 shows the interannual and intraannual
distribution of seven runoff time series across the five large
African basins between 2003 and 2019.

Clearly, all the time series exhibit a similar pattern of runoff
over both the inter- and intraannual phases, with remarkable
differences in amplitude. For example, in the Nile and Niger
basins [see Fig. 7(f) and (h)], the seven runoff sequences showed
an increase from January to August, reached the maximum
in August, and declined gradually from August to Decem-
ber. This result suggests an overall good agreement between
the two GRACE/GRACE-FO-derived runoff estimates and the
five other runoff products. Our results further revealed that
both the GRACE/GRACE-FO runoff estimates, alongside the
SCS-CN, notably overestimate the amplitude of runoff during
the rainy seasons in all the basins. Mohanasundaram et al.
[6] calculated runoff estimates over United States basins using
GRACE data and observed overestimated runoff values during
the wet season, which is parallel to our finding. Chen et al. [41]
and Alghafli et al. [49] also pointed out that during the rainy
season, river runoff estimates obtained from in-situ gauges in
the Amazon and upper Blue Nile basins tend to underestimate
those derived from GRACE. The authors attributed this under-
estimation to uncertainties associated with the in-situ gauges
during the rainy seasons. The SCS-CN, on the other side, is
basically a rainfall-runoff model, and its algorithm relies on
transforming rainfall to runoff. Hence, as the Prec was the
primary factor considered in modeling runoff, the outcome
runoff exhibits higher magnitude during the wet seasons than
in other products. It is worth noting that the discrepancy in
magnitude among GRACE/GRACE-FO runoff estimates and
global runoff products (i.e., NOAH, CLM, VIC, and ERA5)
may also reflect the fact that these global products are inca-
pable to adequately capture runoff magnitude during the wet
seasons.

In addition to the visual comparisons described earlier,
numerical comparison analyses were run between the two
GRACE/GRACE-FO runoff estimates and the other five runoff
products (i.e., NOAH, VIC, CLM, ERA5, and SCS-CN).
Two performance metrics were employed for the comparison,
namely, Pearson’s correlation coefficient (r) and TSS. The closer
the value of TSS and r to 1, the better in agreement between
GRACE/GRACE-FO-derived runoff estimates and other five
runoff products.

The Pearson’s r values between the two GRACE/GRACE-FO
runoff estimates and the five other runoff products for the NRB,
CRB, NIRB, ZRB, and ORB were greater than 0.80, 0.60, 0.88,
0.84, and 0.80, respectively (see Fig. 8). Likewise, the TSS
values obtained for the NRB, CRB, NIRB, ZRB, and ORB were
higher than 0.58, 0.58, 0.67, 0.44, and 0.29, respectively, when
compared the five runoff products to the two GRACE/GRACE-
FO runoff estimations (see Fig. 9). Overall, the performance
of the datasets generated using GRACE/GRACE-FO satellites
was satisfactory, as the calculated statistical indicators were
within the acceptable range. The difference in scores produced
by different products is mainly attributed to the disparities in
models’ structure and input datasets utilized for each product’s
calculation.
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Fig. 7. Inter- and intraannual runoff time series from three solutions of GLDAS (CLM, NOAH, and VIC) and those estimated by ERA5, SCS-CN, and
GRACE/GRACE-FO (GRACE-M-R and GRACE-G-R) during 2003-2019 over Nile (a), (f), Congo (b), (g), Niger (c), (h), Zambezi (d), (i), and Orange (e), (j)
river basins.
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Fig. 8. Pearson correlation coefficient matrix between the estimated runoff by GRACE/GRACE-FO (GRACE-M-R, GRACE-G-R) and those estimated from
GLDAS (NOAH, VIC, and CLM), ERAS5, and CSC-CN. (a) Nile. (b) Congo. (c) Niger. (d) Zambezi. (e) Orange.
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Fig. 9.
ERAS5, and CSC-CN.

Moreover, among the five products, the SCS-CN exhibited
the highest Taylor scores and Pearson coefficient values versus
the two GRACE/GRACE-FO runoff estimates in most basins.
The robust relationship between the runoff estimates from
GRACE/GRACE-FO and SCS-CN may be attributed to the
inclusion of similar Prec data (i.e., TRMM) in their calculations.
On the other hand, this study employed three different types
of models to compare with the GRACE/GRACE-FO runoff
estimates. These models include empirical/ local rainfall-runoff
model (SCS-CN), land surface runoff model (GLDAS solu-
tions), and reanalysis runoff model (ERAS). The runoff esti-
mates from GRACE/GRACE-FO showed the strongest corre-
lation with those from the SCS-CN (see Figs. 8 and 9), sug-
gesting that the GRACE/GRACE-FO estimates may represent
rainfall-runoff in the studied basins. To clarify this further, we
examined the runoff-to-precipitation (runoff/precipitation) ratio
for all products using the annual mean Prec and runoff data (see
Fig. 10). The results indicated that, in most basins, both the
GRACE/GRACE-FO runoff estimates and SCS-CN exhibit sig-
nificantly higher runoff/precipitation values compared to other
runoff products. This elevated runoff/precipitation ratio indi-
cates a greater contribution of Prec to the total runoff estimated
by these models. Therefore, based on the findings reported in
Fig. 10, it may be concluded that the runoff amounts estimated
by GRACE/GRACE-FO are induced mainly by Prec. In other
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TSS between the estimated runoff by GRACE/GRACE-FO (GRACE-M-R and GRACE-G-R) and those estimated from GLDAS (NOAH, VIC, and CLM),

words, Prec is the primary driver of GRACE/GRACE-FO runoff
estimates over the considered basins. This finding further sup-
ports the assertion that the GRACE/GRACE-FO runoff esti-
mates act as rainfall-runoff in the vast African basins.

Furthermore, it has been proven that local hydrological mod-
els, such as SCS-CN, exhibit lower uncertainty and greater accu-
racy in simulating runoff at basin scale compared to global mod-
els [11]. Hence, the strong harmony between GRACE/GRACE-
FO runoff estimates and SCS-CN may also indicate that the
GRACE/GRACE-FO method is more reliable and effective
in modeling regional scale-runoff, compared to global hydro-
logical models and global LSMs. Mohanasundaram et al. [6]
compared different runoff estimates from GRACE and GLDAS-
LSM to in-situ observations in United States basins and con-
cluded that the GRACE runoff estimates are more robust than
the GLDAS-LSM at the regional scale, which could support our
study findings.

The results in Figs. 8 and 9 further depicted that, in most
basins, the GRACE-G-R estimates yielded slightly better agree-
ment with the five runoff products, compared to GRACE-M-R.
This result suggests that the accuracy of GRACE/GRACE-FO
runoff estimates is better captured through combining GLEAM
(ET), TRMM (Prec), and GRACE/GRACE-FO (dS/dt) than
combining MODIS (ET), TRMM (Prec), and GRACE/GRACE-
FO (dYdt). In other words, using GLEAM ET data enhances the
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Fig. 10.

agreement between estimated basins runoff and reference runoff
dataset. Alghafli et al. [49] calculated runoff in the portion of
the NRB using a water balance approach, incorporating seven
Prec products, three ET products (MOD16, Penman-Monteith-
Leuning (PML), and GLEAM), and two TWS products. They
found that GLEAM outperformed both MOD16 and PML, pro-
ducing the best results, which supports our findings. In addition,
MOD16 and GLEAM were evaluated over 837 global catch-
ments, yielding similar results to ours, confirming that GLEAM
outperformed MOD16 [136]. Consequently, we propose using
GRACE-G-R estimates to represent runoff variations in the river
basins considered for the rest of this study.

D. Runoff Changes and Their Possible Linkages With Climate
Factors

1) Detection of Mutation Point: As previously discussed, the
monthly runoff time series demonstrates considerable seasonal
variability (see Fig. 6), which may influence the mutation point
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Runoff-to-precipitation ratios across major basins in Africa based on different runoff simulations. (a) Nile. (b) Congo. (c) Niger. (d) Zambezi. (e) Orange.

test. To mitigate the effects of seasonality and accurately iden-
tify the change point, we initially removed the seasonal trend
from the original runoff time series utilizing the STL method.
Following the deseasonalization of the monthly runoff data,
we identified the mutation point for each basin employing the
Pettitt nonparametric test, with the results presented in Table IV.
To enhance our understanding of runoff responses to climate
change, we divided the entire study period (RA, from 2003
to 2019) into two segments: R1 (premutation period) and R2
(postmutation period, inclusive of the mutation year) for each
basin. This temporal division is similarly applied in the analysis
of other variables, such as Prec and Temp, to further investigate
the effects of climatic factors on runoff changes.

2) Runoff Trends: Seasonal runoff for each basin and their
trend slopes are shown in Fig. 11. Looking into Fig. 11, seasonal
runoff exhibits distinct patterns across different basins and time
periods. From 2003 to 2019 (RA), seasonal runoff in the Nile
basin [see Fig. 11(a) and (f)] showed increasing trend slopes,
ranging from 0.12 (MAM, p < 0.05) to 0.46 mm/a (SON,
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Fig. 11.  Seasonal runoff (MAM, JJA, SON, and DJF) during 2003-2019 in the (a) Nile, (b) Congo, (c) Niger, (d) Zambezi, and (e) Niger, and their trend slope
(rate of change) in the (f) Nile, (g) Congo, (h) Niger, (i) Zambezi, and (j) Orange during the premutation (R1), postmutation (R2), and whole periods (RA).
indicates significant liner trends at 5% confidence level.
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TABLE IV
MUTATION POINTS OF MONTHLY RUNOFF IN EACH BASIN

Basin Mutation point
Nile Jan. 2010
Congo Jul. 2014
Niger Mar. 2011
Zambezi Jun. 2011
Orange Apr. 2012

Note that p < 0.05 in all basins.

p < 0.05). Higher increasing trends (0.31-3.95 mm/a) were
found during R2, while significant decreasing trends (-0.47 to
—0.23 mm/a) were observed during R1. Within the Congo basin
[see Fig. 11(b)and (g)], seasonal runoff during RA showed rising
trend slopes, ranging between 0.52 (MAM, p < 0.05) and 0.76
mm/a (DJF, p < 0.05). From R1 to R2, runoff slopes changed
from higher negative (-0.41 to —0.32 mm/a) to higher positive
(210 2.38 mm/a). In RA, seasonal runoff in the Niger basin [see
Fig. 11(c) and (h)] showed declining trend slope during MAM
(-0.1 mm/a), and rising trend slopes during JJA (0.04 mm/a),
SON (0.27 mm/a), and DJF (0.16 mm/a). More so, across JJA,
SON, and DJF, runoff slopes decreased first in R1 (-0.04 to
—0.21 mm/a) and then increased in R2 (1.74 to 4.9 mm/a), but
it decreased in both R1 and R2 during MAM. For the Zambezi
basin [see Fig. 11(d) and (i)], seasonal runoff in RA illustrated
decreasing trend slopes, ranging from -1 (DJF, p < 0.05) to
-0.34 mm/a (MAM, p < 0.05). Furthermore, all seasons except
DJF revealed increasing slopes (0.27-0.52 mm/a) during R1,
whereas all seasons except MAM revealed decreasing slopes
(-1.11 to 0.15 mm/a) during R2. In case of the Orange basin
[see Fig. 11(e) and (j)], seasonal runoff during RA illustrated
decreasing trend slopes, ranging from —0.54 (SON, p < 0.05)
to —0.24 mm/a (MAM, p < 0.05). Besides, positive trend slopes
(0.82-1.11 mm/a) were found during R1, while negative trend
slopes (-0.88 to —0.59 mm/a) were observed during R2.

Overall, the highest change in RA was found during SON
season in the Nile (p < 0.05), Niger, and Orange (p < 0.05)
basins, and during DJF season in the Congo (p < 0.05) and
Zambezi (p < 0.05) basins. In addition, the change in RA
throughout these sensitive seasons mainly came from the change
in R2.

3) Possible Linkages Between Runoff Changes and Climate
Factors. Here, we investigated the linkages between climate
variables: Temp and Prec with runoff. We quantified the trends
in climate forcing and analyzed its relationship with runoff vari-
abilities in each basin. In addition, we explored the correlations
between runoff, LST, and Prec for the period 2003-2019 using
Pearson’s correlation coefficient (r) to better understand their
controlling roles.

Fig. 12 displays the seasonal trend slopes in Prec and Temp
over the five major African basins during the premutation period
(Precl, Templ), postmutation period (Prec2, Temp2), and the
entire period (Prec A, Temp A). From 2003 to 2019, seasonal
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Prec in the Nile and Congo basins [see Fig. 12(a) and (b)]
showed upward trends during all seasons, with values ranging
from 0.17 (MAM, p < 0.05) to 0.3 mm/a (JJA, p < 0.05) and
0.5 (MAM, p < 0.05) to 0.7 mm/a (SON, p < 0.05) for the
Nile and Congo, respectively. This finding is consistent with the
runoff patterns presented in Fig. 11(a) and (b). In addition, these
patterns of positive Prec slopes were also observed by Alahacoon
et al. [137], who pointed to an increase in rainfall rates for
the Nile and Congo basins from 1983 to 2020 during the four
seasons. Similarly, Temp exhibited downward trends across the
four seasons, with reads varying between -0.05 (DJF, p<0.05)
to -0.03 °C/a (JJA, p < 0.05) and —0.02 (SON, p < 0.05) to
-0.01 °C/a (MAM, p < 0.05) for the Nile [see Fig. 12(f)] and
Congo [see Fig. 12(g)] basins, respectively. However, the Temp
in the both basins depicted positive slopes during Templ and
negative slopes during Temp2, while Prec displayed negative
slopes during Precl and positive slopes during Prec2. This find-
ing implies that the key driver influencing an increase in runoff
in the Nile and Congo basins is climate change, characterized
by an increase in Prec and decrease in Temp.

In the Niger basin [see Fig. 12(c) and (h)], seasonal Prec over
2003-2019 demonstrated rising trends through JJA (0.15), SON
(0.16), and DJF (0.18) mm/a. In contrast, MAM observed a de-
clining trend with a read of —-0.05 mm/a. However, these changes
were not statistically significant (p > 0.05) in all seasons. Temp,
on the other side, showed records of 0.04, —0.001, —0.013,
and -0.002 °C/a for MAM, JJA, SON, and DJF, respectively.
These slopes also did not pass the significant level (p > 0.05).
During the premutation period, all seasons showed negative
trends in Prec and positive trends in Temp. Contrarily, the
postmutation period exhibited diverse trends across the different
seasons.

In the case of Zambezi and Orange basins [see Fig. 12(d) and
(e)], seasonal Prec showed downward trends during 2003-2019
period, with values ranging from -0.9 (DJF, p < 0.05) to
—-0.55 mm/a (MAM, p < 0.05) and -0.7 (SON, p < 0.05) to
-0.45 mm/a (MAM, p < 0.05) for the Zambezi and Orange
basins, respectively. This finding corroborates with the runoff
patterns demonstrated in Fig. 11(i) and (j), denoting that
Prec is substantially controlling the runoff fluctuations in
these basins. Moreover, this result is substantiated by the
findings of Nhemachena et al. [138] who indicated a significant
decline in Prec over Southern Africa during the past decade.
Simultaneously, Temp depicted an upward trend throughout the
given seasons, with reads varying between 0.05 (SON, p < 0.05)
t0 0.08 °C/a (JJA, p < 0.05) and 0.1 (MAM and DJF, p < 0.05)
t0 0.2 °C/a (SON, p < 0.05) for the Zambezi and Orange basins,
respectively. NourEldeen et al. [103] analyzed the changes
in LST over the entire Africa during 2003-2017 era. They
demonstrated that LST increases over most parts of Southern
Africathroughout the given seasons, which supports the findings
of our study. However, in both basins, Temp illustrated negative
slopes during Temp1 and positive slopes during Temp2, whereas
Prec showed positive slopes during Precl and negative slopes
during Prec2. This finding indicates that changes in climate have
substantial contribution to runoff reductions in the Zambezi
and Orange basins, evidenced by the decrease in Prec and
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Fig. 12.  Seasonal trend slopes (MAM, JJA, SON, and DJF) in Prec and Temp over the (a), (f) Nile, (b), (g) Congo, (c), (h) Niger, (d), (i) Zambezi, and (e), (j)
Orange basin during the premutation (Prec1, Templ), postmutation (Prec2, Temp2), and whole periods (PrecA, TempA). x indicates significant liner trends at 5%
confidence level.
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Fig. 13.

the increase in Temp. Moreover, future estimates for Southern
Africademonstrate reduced rainfall and increased Temps, which
drive significant regional implications such as water stress, food
and energy insecurity, and extreme droughts [138], [139], [140].

To enhance the understanding of how climate variables influ-
ence changes in runoff, this study calculated Pearson’s correla-
tion coefficients (r) among runoff, Temp, and Prec across the
four seasons, as shown in Fig. 13.

On the whole, there was significant correlation (at the 95%
level) between the Prec and Temp with the runoff across the four
seasons in all the basins. The Pearson’s r values between the
Prec and runoff during the four seasons were within the range of
0.89-0.92, 0.95-0.96, 0.89-0.98, 0.86-0.97, and 0.89-0.94 for
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Pearson’s correlation coefficients between runoff (R), Prec, and Temp during the four seasons.

the NRB, CRB, NIRB, ZRB, and ORB, respectively. This result
denotes that the Prec has a positive impact on runoff changes
across the understudied basins. Furthermore, it demonstrates
that the positive impacts of Prec on runoff are persistent over
the whole year (i.e., during the four seasons; see Fig. 13).The
maximum r between Prec and runoff was recorded in JJA and
SON over the Nile, JJA and SON and DJF over the Congo,
SON over the Niger and Zambezi, and DJF and MAM over the
Orange. This finding indicates that the response of runoff to Prec
variations was stronger during these seasons than in others. The
minimum r between Prec and runoff was observed during MAM
over the Nile and Congo, DJF over the Niger and Zambezi, and
JJA over the Orange.
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TABLE V
MONTHS IN WHICH THE MAXIMUM (MMAX) AND MINIMUM (MMIN) OF RUNOFF OCCURRED DURING R1, R2, AND RA

Period Nile Congo Niger Zambezi Orange
MMax R1 August November August January December

R2 August November August January December

RA August November August January December
MMin R1 January July January July July

R2 January July January July July

RA January July January July July

Likewise, the Pearson’s r values between Temp and runoff
during the four seasons were within the range of —0.57 to —0.80,
-0.55 to -0.79, -0.33 to -0.61, —0.80 to —-0.93, and —0.51 to
—0.80 for the NRB, CRB, NIRB, ZRB, and ORB, respectively.
This finding implies that the Temp has a negative impact on
runoff changes across the studied basins. It further indicates that
the negative effects of Temp on runoff are persistent over the
entire year. However, the largest r between Temp and runoff
was observed in SON over the Nile and Orange basins, DJF
over the Congo, MAM over the Niger, and JJA over the Zambezi
basin. This finding indicates that the response of runoff to Temp
changes was greater during these seasons than in others. On the
contrary, the lowest r between the Temp and runoff was found
in MAM over the Nile and Congo basins, DJF over the Niger
and Zambezi basins, and JJA over the Orange basin.

In summary, the evidence indicates that climate changes
significantly contribute to runoff variability in Africa’s major
basins, as demonstrated by the variations in Prec and Temp,
along with the strong Pearson’s r values between runoff and
these climate factors. The current study identified rising Temp
trends in the Zambezi and Orange basins, suggesting that these
areas may become more vulnerable to extreme droughts and
Temp events moving forward. Human activities significantly
affect the continent’s water resources, particularly in the ORB
[141]. Therefore, further investigation into the effect of human
activities on runoff changes is necessary.

E. Runoff Regime Alterations

In this section, we applied a framework that incorporates
indicators of both interannual and intraannual runoff regimes
to describe changes in the runoff system. These indicators
are categorized into three groups: magnitude, variability, and
duration (see Fig. 2). The analyses of the indicators influencing
interannual and intraannual runoff regimes between the pre- and
postmutation periods are presented as follows.

1) Runoff Magnitude: Fig. 14 illustrates the intraannual av-
erage runoff, along with Prec and Temp, for each basin during
the premutation, postmutation, and overall periods. Notably,
different basins display distinct runoff transition patterns from
R1toR2. Inaddition, the shape of the runoff hydrograph, defined
by the months of highest and lowest values and their sequence
(see Table V), remained relatively consistent across R1, R2, and

RA for all basins. In the Nile basin [see Fig. 14(a)], runoff in-
creased in all months, with an average monthly runoff difference
(AAMR) of 5.8 mm [see Fig. 15(d)]. However, the increase
from December to February was slightly less pronounced than in
other months. The Congo basin [see Fig. 14(b)] also experienced
an increase in runoff across all months, with a AAMR of 7.3
mm. In the Niger basin [see Fig. 14(c)], runoff increased in all
months, yielding a AAMR of 3.3 mm. More so, January to May
showed a slightly lower increase compared to other months. In
contrast, the southern river basins, represented by the Zambezi
[see Fig. 14(d)] and Orange [see Fig. 14(e)] basins, demonstrated
a decrease in runoff from R1 to R2, with AAMR values of 7.4
and —4.1 mm, respectively.

The low (LMR25), median (MMR50), and high (HMR75)
runoff during R1, R2, and RA were determined using the runoff’s
probability density function and cumulative density function
(CDF) (see Fig. 15). Fig. 15(a)—(c) illustrates the absolute dif-
ferences in LMR25, MMR50, and HMR75 between R1 and R2,
highlighting changes in various sections of their CDF curves.
In the Nile basin, small absolute differences were observed:
LMR25 (4.2 mm), MMR50 (4.04 mm), and HMR75 (4.11 mm)
(see Fig. 14), indicating a general increase in runoff with greater
magnitudes in R2. Similar trends were noted in the Congo and
Niger basins, where an overall increase in runoff was detected
(i.e., the CDF curve shifts right in R2; see Fig. 15). The absolute
change in MMR50 (8.85 mm) was greater than in LMR25 (7.43
mm) and HMR75 (5.81 mm) across the Congo basin. In contrast,
the Niger basin exhibited a larger absolute difference in HMR75
(4.35 mm) compared to MMR50 (3.38 mm) and LMR25 (2.17
mm). The Zambezi and Orange basins displayed consistent pat-
terns, showing a general decrease in runoff (i.e., the CDF curves
shift left in R2; see Fig. 15). However, the absolute differences
were greater in the Zambezi basin, with LMR25 (-6.31 mm),
MMR50 (-7.04 mm), and HMR75 (-8.03 mm), compared to
the Orange basin, which showed differences of —4.02, —4.05,
and —4.5 mm for LMR25, MMR50, and HMR75, respectively
(see Fig. 16).

In conclusion, the results from Figs. 14-16 show that the
magnitude of runoff in the Nile, Congo, and Niger basins was
greater during the postmutation period compared to the premu-
tation period, indicating an overall increase in runoff in these
areas. In contrast, the magnitude of runoff in the Zambezi and
Orange basins was lower in the postmutation period than in the
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Fig. 14.

22915

Intraannual variation of runoff (R), Prec, and Temp during premutation period (blue color), postmutation period (red color), and the whole period (green

color) in the five major basins in Africa. (a) Nile. (b) Congo. (c) Niger. (d) Orange. (e) Zambezi.

premutation period, suggesting an overall decrease in runoff in
both regions.

2) Runoff Variability: To investigate intraannual runoff vari-
ability, we measured the STD and range (highest minus lowest)
of multiyear mean monthly runoff during R1, R2, and RA
[see Fig. 17(a) and (c)]. We further determined the relative
changes in STD and range between R1 and R2, as shown in
Fig. 17(b) and (d). Positive relative changes in STD and range
were observed in the Nile (60% and 65%), Congo (34% and
46%), and Niger (16% and 19%) basins, suggesting an overall
increase in intraannual runoff variability in these regions. As
the runoff magnitude in these basins increased each month (see
Fig. 14), their intraannual variability also increased from R1
to R2 [see Fig. 17(a) and (b)]. This indicates that higher runoff
magnitudes are associated with greater runoff variability in these
basins. Negative relative changes in STD and range, on the other
side, were observed for the Zambezi (-8% and —-5%) and Orange

(—2% and —7%) basins, denoting an overall decline in intraannual
runoff variability in both basins. Moreover, while the magnitude
in the Zambezi and Orange basins decreased from R1 to R2
(see Fig. 14), their intraannual variability also declined [see
Fig. 17(a) and (b)], which implies that both basins are witnessing
magnitude reductions accompanied by a decrease in runoff
variability.

3) Runoff Duration: For evaluating the changes in runoff
duration, we first determined the median monthly runoff in RA
(MMR50) for each basin utilizing the runoff CDF (see Fig. 15);
next, the times (i.e., frequency) preceding MMR50 in R1
(DMR1) and R2 (DMR2) were computed [see Fig. 17(e)]. The
absolute change between DMR1 and DMR2 was also obtained
as depicted in Fig. 17(f). Positive absolute changes in DMR
were observed in the Nile (0.27), Congo (0.35), and Niger (0.20)
basins, indicating that these basins experienced an amplitude in
the duration of runoff. Moreover, as the runoff magnitude and
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Cumulative density (left Y-axis) and probability (frequency) distribution (right Y-axis) of monthly runoff during R1 (blue color), R2 (red color), and RA

(green color) in the (a) Nile, (b) Congo, (c) Niger, (d) Zambezi, and (e) Orange basin.

variability increased from R1 to R2 in these basins (see Figs. 14
-17), the duration also increased, suggesting that the regions wit-
nessing a higher positive magnitude change in runoff accompa-
nied by higher variability and increased duration. Likewise, neg-
ative absolute changes in DMR were observed in the Zambezi
(-0.23) and Orange (-0.35) basins, implying that both basins
witnessed reductions in the duration of runoff. However, not only
the runoff magnitude and variability decreased in R2 for both
basins (see Figs. 14-17), but their duration also reduced, which
denotes that both basins are experiencing magnitude reductions
accompanied by a lower runoff variability and a reduction
in duration.

F. Influences of Climate Tel econnections on Runoff
Fluctuations

Climate teleconnections reflect the natural variability of the
Pacific, Indian, and Atlantic Oceans, the Mediterranean Sea, and
the Arctic [142]. Early studies sought to link variations in runoff
to these climate teleconnections [129], [130], [131], [132]. In
this study, we focused on the ENSO and the 10D to examine
their influences on runoff fluctuations in Africa’s major basins
during the period from 2003 to 2019. Given the relatively short
duration of the study, we prioritized short-term indices such as
the ENSO and 10D.
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Fig. 16.
AMR1) monthly runoff between R1 and R2 in the five major basins in Africa.

The Pearson’s correlation coefficients (r) between the
monthly runoff and oceanic factors in African’s major basins are
shown in Fig. 18. As a whole, ENSO and 10D had significant
impacts on the monthly scale runoff changes across all the
given basins. The r between runoff and ENSO was -0.2, —0.33,
-0.18, -0.38, and -0.4 for the NRB, CRB, NIRB, ZRB, and
ORB, respectively. This result indicates that ENSO had negative
impacts on runoff across all the basins. In contrast, the r between
10D and runoff was 0.18, 0.37, 0.28, 0.22, and —0.37 for the
NRB, CRB, NIRB, ZRB, and ORB, respectively. This result
implies that 10D had a positive influence on the runoff in the
NRB, CRB, NRB, and ZRB, while having a negative influence
on the ORB.

To better understand the roles of teleconnection factors on
runoff variabilities over the study domain, we evaluated the
correlations between runoff changes and teleconnection factors
ineach season, asillustrated in Fig. 19. In MAM, ENSO depicted
a negative effect on runoff changes across all the basins, whereas
10D exhibited a positive effect across the Nile, Congo, and Niger
basins. In JJA, ENSO illustrated a negative influence on runoff
changes over all the basins except the Niger basin, whereas
10D displayed a positive influence over the Congo basin and
a negative influence over the Orange basin. In SON, ENSO
exhibited a negative impact on runoff changes in all the basins
except the Nile basin. 10D, on the other hand, demonstrated
a positive impact in the Congo, Niger, and Zambezi basins,
while depicting a negative impact in the Orange basin. In DJF,
ENSO had a negative effect on runoff changes across all the
basins except the Nile basin. IOD depicted a positive effect in
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Absolute difference in (a) low (LMR25, — LMR251), (b) median (MMR502 — MMR501), (¢) high (HMR75, — HMR751), and (d) average (AMR2 —

the Congo and Niger basins, while exhibiting a negative effect
on the Orange basin.

Overall, the response of runoff to the oscillations of climate
teleconnections varied from season to season, and basin to basin.
The highest impact of ENSO on runoff changes occurred in
JJA across the Nile, SON across the Congo and Orange, and
DJF across the Zambezi and Niger basins. Besides, the largest
influence of IOD on runoff changes was observed in JJA through
the Nile and Niger, and SON through the Congo, Zambezi, and
Orange basins.

In an attempt to enhance the robustness of this study, we
further calculated the wavelet correlation coefficients between
oceanic factors; ENSO and I0OD with runoff changes, to ex-
plore the dynamic relation between runoff change and oceanic
factors (see Fig. 20). The blue areas surrounded by the thick
black lines in Fig. 20 are statistically significant at the 5%
level. The direction of the arrow from left to right denotes
that two signals are in-phase relationship, while the direc-
tion from right to left denotes that two signals are antiphase
relationship.

In the Nile basin [see Fig. 20(a) and (b)], ENSO and runoff
demonstrated significant but sporadic antiphase relationships
between 2003 and 2015, at a time band ranging from 2-96
months. On the other hand, 10D and runoff illustrated a sig-
nificant in-phase relationship from 2005 to 2006 at a time band
of 2-4 months, and from 2011 to 2015 at a time band of 16-32
months. In addition, at a time band of 4-8 months, 10D and
runoff exhibited in-phase and antiphase relationship from 2010
to 2011 and 2012 to 2014, respectively.
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(a) STD, (c) range (maximum-—minimum) of mean monthly runoff, and (e) time exceeding median runoff (DMR) over different periods in the five major

basins in Africa. And the relative difference in (b) STD and (d) range, and absolute difference in (f) DMR between R1 and R2.

In the Congo basin [see Fig. 20(c) and (d)], ENSO and runoff
indicated a significant antiphase relationship from 2003 to 2010
at a time band of 8-64 months, and from 2003 to 2018, at a time
band of 64-96 months. By contrast, IOD and runoff depicted
an in-phase relationship from 2003 to 2009, 2003 to 2012, 2012
to 2015, 2014 to 2019, and 2018 to the end of time series, at a
time band of 64-96, 32-64, 32-64, 16-32, and 4-16 months,
respectively.

Within the Niger basin [see Fig. 20(e) and (f)], ENSO and
runoff exhibited an antiphase relationship from 2003 to 2005, at
a time band of 4-14 months, and from and 2014 to 2019, at a
time band of 32—-64 months. In addition, an in-phase relationship
between 10D and runoff were traced from 2003 to 2008, at a time
band of 64-96, and from 2011 to 2019, at a time band of 32-64
months.

In the Zambezi basin [see Fig. 20(g) and (h)], ENSO and
runoff revealed an in-phase relationship from 2003 to 2004,
at a time band of 4-16 months, and an antiphase relation-
ship from 2003 to 2019, at a time band of 32-64 months.

Likewise, 10D and runoff indicated an in-phase relationships
from 2003 to 2007, 2014 to 2019, and 2019 to the end of
time series at a time band of 16-64, 32-64, and 16-32 months,
respectively.

In the Orange basin [see Fig. 20(i) and (j)], ENSO and runoff
demonstrated an antiphase relationship from 2003 to 2011, and
2014 to 2019, at a time band of 16-64 months. Similarly, IOD
and runoff exhibited a significant antiphase relationship from
2003 to 2019, at a time band of 16-96 months. Moreover, at a
time band of 2-8 months, 10D and runoff illustrated an antiphase
and in-phase relationships from 2004 to 2005 and 2006 to 2007,
respectively.

The results and analysis indicate that the wavelet coherence
method effectively identifies the dynamic relationships
between changes in runoff and climate teleconnections.
Statistically significant relationships were found between
teleconnection factors and runoff changes, demonstrating that
these teleconnections play a crucial role in driving alterations
in runoff across these basins.
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Fig. 18.  Correlations between the runoff in five major African’s basins and climate teleconnections indices on monthly scale.

Fig. 19.  Seasonal correlations between runoff in five major African’s basins and climate teleconnections indices. * indicates that the correlation is nonsignificant
at 5% confidence level.
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Fig. 20.  Wavelet coherence between the runoff in five major African’s basins and climate teleconnections indices. (a) Nile: ENSO-Runoff. (b) Nile: IOD-Runoff.
(c) Congo: ENSO-Runoff. (d) Congo: 10D-Runoff. (e) Niger: ENSO-Runoff. (f) Niger: IOD-Runoff. (g) Zambezi: ENSO-Runoff. (h) Zambezi: |IOD-Runoff.
(i) Orange: ENSO-Runoff. (j) Orange: IOD-Runoff.
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V. DISCUSSION

GRACE and GRACE-FO satellite observations provide an
effective means to monitor large-scale water mass variations,
especially in data-scarce regions like Africa. This study esti-
mated monthly runoff time series for Africa’s five major basins
using GRACE/GRACE-FO-observed water storage, coupled
with Prec and ET satellites’ datasets for 2003-2019 period based
on the water budget framework. We determined a significant
consistency among GRACE/GRACE-FO-derived runoff esti-
mates and five runoff products (i.e., GLDAS-NOAH, GLDAS-
VIC, GLDAS-CLM, ERAS5, and SCS-CN). Findings reported
in this study substantiate the applicability and capability of
GRACE/GRACE-FO measurements to estimate runoff over the
major river basins in Africa. Furthermore, when simulating
runoff at larger basin scales, such as the study domain, the
GRACE/GRACE-FO model—utilizing remote sensing and wa-
ter budget methods—offers advantages over process-based mod-
els. It requires less parameterization and computational power.

Our analysis shows that climate variability, particularly
changes in Prec and Temp, is the main driver of observed runoff
trends across the basins. The increasing runoff magnitude in
the Nile, Congo, and Niger basins suggests that more runoff
contents are being regulated and stringed in these basins. This
increased magnitude, combined with increase tended duration,
could exacerbate flood hazards in these regions, especially given
the heavy rainfall experienced in recent years, such as the floods
triggered by massive significant rainfall in some parts of the Nile
and Niger basins [143].

The overall rise in runoff variability over the Nile (NRB),
Congo (CRB), and Niger (NIRB) basins implies a decline in the
stability of their hydrological systems due to ongoing climate
dynamics. Greater variability in runoff may also increase the
uncertainty and variability of other fluxes such as ET and relative
humidity, causing significant obstacles in hydrological forecast-
ing and prediction. The increased runoff variability also suggests
that the hydrological system in these basins is becoming more
variable. In addition, the accelerated runoff variability indicates
that the speed of runoff refresh has also increased, potentially re-
sulting in a more intense hydrological cycle across these basins.

The lower magnitude alongside reduced duration in the Zam-
bezi and Orange basins suggests that while water shortages may
be present in both basins, such events are less frequent and
occur over longer intervals. This interpretation is supported by
Hulsman et al. [144], who analyzed drought conditions in the
Zambezi basin from 1992 to 2020 using satellite altimetry and
found that drought events occurred at longer intervals. Overall,
the reduced duration of runoff change is favorable for water
resource management, as it implies less frequent fluctuations in
hydrological conditions. Moreover, the lower runoff variability
observed in the Zambezi (ZRB) and Orange (ORB) basins
suggests a decline in the intensity of hydrological changes, po-
tentially enhancing the stability of water systems in both regions.

Beyond local climate influences, large-scale atmospheric cir-
culations, such as ENSO and 10D, were shown to modulate
runoff variability. The correlations between runoff and these
teleconnection indices differed significantly between monthly
and seasonal scales, indicating that the relationship between
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atmospheric circulations and runoff is scale dependent. Wavelet
coherence analysis further revealed that runoff variability was
highly responsive to the oscillations of teleconnection factors
(ENSO and 10D).

A negative phase relationship was observed between ENSO
and runoff, whereby La Nifia events (the cold phase of ENSO)
were associated with increased runoff, while EI Nifio events (the
warm phase) led to reduced runoff. This inverse relationship is
attributed to the suppression of convection over tropical Africa
during EI Nifio, driven by a weakened Walker Circulation, which
reduces Prec and consequently runoff. Conversely, La Nifia
enhances atmospheric circulation and moisture convergence,
thereby increasing runoff [145], [146].

In contrast, a generally positive coherence between the IOD
and runoff was observed across the studied basins—except in
the Orange basin—implying that warm 10D phases (positive
10D) were associated with increased runoff, while cold phases
reduced it. The reversed pattern in the Orange basin, showing
negative coherence with the 10D, may reflect region-specific
atmospheric responses influenced by its subtropical location and
interactions with the South Indian Ocean High [146].

These results underscore the spatially heterogeneous but
statistically consistent influence of ocean—atmosphere telecon-
nections on runoff behavior, shaped by both large-scale and
basin-specific dynamics [147], [148]. It is worth mentioning
that the mechanism underlying the coherence between global
teleconnection oscillations and runoff variability in Africa are
much more complex. There are couplings between multiple tele-
connection factors, such as North Atlantic Oscillation (NAO),
Pacific Decadal Oscillation (PDO), and ENSO. Also, large-scale
atmospheric circulations, moisture divergence, anticyclonic cir-
culation, and wind anomalies are coupled together. Therefore,
additional studies are required to investigate the effect of these
integrated factors on runoff change, for gaining a better under-
standing of such relationship.

We acknowledge that some shortcomings and uncertainties
remain existed in this study. First, the runoff values estimated
by GRACE/GRACE-FO showcase some negative values over
different basins (see Fig. 17), which can be associated with
possible uncertainties in Prec and ET data, as well as the uncer-
tainties included in the estimation of dSdt. Combining multiple
Prec and ET datasets—whether derived from observations or
models—along with various GRACE and GRACE-FO solutions
can enhance the accuracy of runoff estimations to some extent.
However, the overall improvement in these datasets remains
contingent upon the development of gauge coverage, which is
essential for these basins.

Second, the resolution of GRACE/GRACE-FO measure-
ments has limitations when it comes to analyzing changes in
runoff at the subbasin scale or over submonthly periods. Con-
tinuous improvements to GRACE/GRACE-FO data processing
methods and underlying geophysical models are anticipated,
which will enhance the accuracy and resolution of GRACE
products in the future.

Third, while the runoff estimates derived from
GRACE/GRACE-FO demonstrated a good correlation with
various well-established runoff models in this study, it is
essential to validate these data using in-situ measurements.
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Future research could focus on establishing dense ground
station networks in African basins to provide more reliable
validation of GRACE/GRACE-FO runoff estimates.

VI. CONCLUSION

Estimating and monitoring components of the hydrological
cycle in regions with limited in-situ data have been enhanced
by the use of remote sensing and processing technologies. This
study employed observations from the GRACE and GRACE-
FO, alongside remotely sensed datasets for Precand ET, to derive
runoff estimates for five major basins in Africa from 2003 to
2019. Two runoff estimates (GRACE-M-R and GRACE-G-R)
were generated for each basin, and these results were compared
with estimates from GLDAS (using NOAH, CLM, and VIC
models), ERA5, and SCS-CN. The mutations of interannual
average runoff were identified and the trends were explored.
In addition, the study investigated the effects of climatic factors,
such as Prec and Temp, on runoff dynamics, focusing on trends
and correlations. A comprehensive framework was proposed to
quantify both interannual and intraannual runoff regimeswith
analyzing their changes in terms of magnitude, variability, and
duration. Furthermore, we examined the relationships between
global climate teleconnections and runoff using Pearson corre-
lation and wavelet analysis techniques. Main conclusions are
summarized as follows:

1) The GRACE/GRACE-FO-derived runoff estimates were
in good agreement with those from the GLDAS (NOAH,
CLM, and VIC), ERA5, and SCS-CN, as indicated by
Pearson’s correlation (r) and TSS. Among the five prod-
ucts, the SCS-CN exhibited the highest consistency with
the two GRACE/GRACE-FO runoff estimates. GRACE-
G-R outperformed GRACE-M-R in representing runoff
changes in the studied basins.

2) From 2003 to 2019, runoff in the Nile (0.12-0.46 mm/a,
p < 0.05) and Congo (0.52-0.76 mm/a, p < 0.05)
basins was increased across all the seasons, while it was
decreased in the Zambezi (-1 to -0.34 mm/a, p < 0.05)
and Orange (—0.54 to —0.24 mm/a, p < 0.05) basins within
the same period. The Niger basin depicted a decreasing
trend in MAM (-0.1 mm/a), and an increasing trend in JJA
(0.04 mm/a), SON (0.27 mm/a), and DJF (0.16 mm/a).
The runoff trend experienced a sudden shift around
2010, 2014, 2011, 2011, and 2012 over the Nile, Congo,
Niger, Zambezi, and Orange basins, respectively. The
magnitude of trend was higher during the postmutation
period when compared to the premutation period in the
Nile, Congo, and Niger basins, while it was higher during
the premutation period than the postmutation period
within the Zambezi and Orange basins. Climate change in
the study domain remained a significant factor in runoff
variations. The Prec and Temp variables were identified
as primary factors, contributing to runoff changes, as indi-
cated by their variability and their robust correlation with
runoff.

3) Monthly runoff in the Nile, Congo, and Niger basins illus-
trated a higher positive change in magnitude, accompanied
by increased duration and higher variability. Conversely,
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the Zambezi and Orange basins demonstrated reductions
in runoff magnitude, along with lower variability and
decreased durations.

4) The large-scale climate teleconnections were found to be
associated with runoff change in all basins. The highest
connection between ENSO and runoff occurred in JJA
across the NRB, SON across the CRB and NIRB, and
DJF across the ZRB and ORB. The strongest correlation
between the 10D and runoff was observed in MAM for the
NRB and NIRB, and in SON for the CRB, ZRB, and ORB.
Wavelet coherence analysis demonstrated that the effects
of ENSO and 10D on runoff occured simultaneously, as
indicated by the significant interannual modes. Notably,
high common power variations between these large-scale
teleconnection indices and runoff were detected at fre-
quencies ranging from 0.4 to 8 years across the various
basins.

The study of this nature can support policymakers and water
resource managers in advancing sustainable water management
and development strategies. This, in turn, can improve water
security, foster long-term resource sustainability, and strengthen
climate adaptation measures, thereby enhancing the resilience
of these river basins to both present and projected hydroclimatic
changes.
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