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Abstract

The spatiotemporal evolution of droughts in the Congo River Basin (CRB) from 1981-2018 was investigated using the Stan-
dardised Precipitation Index (SPI) and Standardised Precipitation—Evapotranspiration Index (SPEI) to assess the roles of
precipitation and potential evapotranspiration. The results confirmed a notable trend toward drier conditions, particularly in
parts of the northern and central basin, as well as in the south of the CRB, which was associated with increases in potential
evapotranspiration and declining rainfall. Global outputs of the Lagrangian model FLEXPART were used to model air masses
over four important climatological regions considered to be the main sources of precipitation in the CRB, and their contribu-
tions to precipitation over the basin were computed. These analyses confirmed that moisture in the CRB is “60% self-sourced;
African lands were the next greatest contributor, followed by the Indian and Atlantic Oceans. It was found that a reduction
in contributions of the sources prevailed during 53 meteorological drought episodes that affected the CRB during the study
period and it could be inferred that a reduction in moisture supplied from the Atlantic and Indian Oceans played an important
role in the onset of drought episodes. It was also observed that the contribution of moisture from all sources to the CRB
decreased during the study period, especially over the northern half of the basin, where the main humid forest of the CRB is
located, confirming the importance of water transport and local hydroclimatological dynamics on the hydrological conditions,
ecosystems, and local communities of the CRB.
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Figure S1. Trends of (a) Precipitation and (b) Potential evapotranspiration from TerraClimate for the
period 1981-2018. Significant values (p < 0.05) are enclosed by continuous lines.
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Abstract

The spatiotemporal evolution of droughts in the Congo River Basin (CRB) from 1981-2018 was
investigated using the Standardised Precipitation Index (SPI) and Standardised Precipitation—
Evapotranspiration Index (SPEI) to assess the roles of precipitation and potential evapotranspiration. The
results confirmed a notable trend toward drier conditions, particularly in parts of the northern and central
basin, as well as in the south of the CRB, which was associated with increases in potential
evapotranspiration and declining rainfall. Global outputs of the Lagrangian model FLEXPART were used
to model air masses over four important climatological regions considered to be the main sources of
precipitation in the CRB, and their contributions to precipitation over the basin were computed. These
analyses confirmed that moisture in the CRB is ~60% self-sourced; African lands were the next greatest
contributor, followed by the Indian and Atlantic Oceans. It was found that a reduction in contributions of
the sources prevailed during 53 meteorological drought episodes that affected the CRB during the study
period and it could be inferred that a reduction in moisture supplied from the Atlantic and Indian Oceans
played an important role in the onset of drought episodes. It was also observed that the contribution of
moisture from all sources to the CRB decreased during the study period, especially over the northern half
of the basin, where the main humid forest of the CRB is located, confirming the importance of water
transport and local hydroclimatological dynamics on the hydrological conditions, ecosystems, and local
communities of the CRB.
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1. Introduction

Droughts are one of the major natural disasters worldwide, especially in Africa, where droughts affect
millions of people (Niang et al., 2014; Gautier et al., 2016). Many studies based on instrumental records
in Africa have indicated that droughts have become more frequent, intense, and widespread over the last
50 years (Masih et al., 2014). Most of the African continent is semi-arid and prone to extreme variations in
yearly rainfall (Nicholson et al., 2018), though droughts can occur in areas of both high and low rainfall
(Wilhite and Glantz, 1985). One of the African regions where it rains the most is the Congo River Basin
(CRB). It is located in Central Equatorial Africa (CEA), one of the most convective regions on Earth
(Washington et al 2013; Chakraborty et al., 2020) and home to one of the densest forests (Dargie et al.,
2019). Recent findings have confirmed that CEA has experienced long-term drying since the 1980s
(Raghavendra et al., 2020), particularly during April-June (Huaetal.,2016;2018). Accordingly, a tendency
toward a higher percentage of areas experiencing droughts driven by increases in temperature since 1990
has been observed (Spinoni et al., 2019). Observations have also revealed a widespread increase in
the length of the boreal summer (June—August) dry season across the CRB since the 1980s, from
both hydrological and ecological perspectives; this has primarily been attributed to the earlier onset
and delayed termination of the dry season (Jiang et al., 2019). According to previous studies, this earlier
onset of the dry season has been caused by long-term droughts due to decreased rainfall in the pre-dry
season (April-June). The delayed termination of the dry season is a result of insufficient stocks of soil
moisture, which postpones the start of the subsequent wet season and hinders the regrowth of vegetation.
Field observations and previous findings for Cameroon, the Central African Republic, and the Democratic
Republic of Congo have revealed that the variability in the rainfall regime affects water flow in the CRB. In the
three studied watersheds mentioned, temperatures are rising, rainfall is declining, water flow is disturbed, and
the livelihoods of rural communities are being negatively affected (Sonwa et al., 2020).

The spatial extent of droughts is usually much greater than that of other natural hazards and their impacts
are generally non-structural and difficult to quantify (Serrano and Moreno, 2005). This occurs because
there are several definitions of drought, and therefore a great variety of indices and indicators that allow
drought conditions to be represented, considering different cumulative time scales. An analysis of the
geospatial coverage of selected droughts in Africa from 1900-2013 revealed that they did not always affect
all of CEA homogeneously (Masih et al., 2014) and therefore, cropland and forest drought exposure may
vary within the CRB (Kamali et al., 2018; Zhou et al., 2014). The mechanisms associated with such
variations have been investigated taking into account the hydroclimatic characteristics of the entire region.
According to Hua et al. (2016) CEA droughts are primarily related to variations in sea surface temperature over
the Indo-Pacific, which are themselves associated with enhanced and westward extended tropical Walker
circulation that has reduced low-level moisture transport to CEA, and consequently weakened the ascent of
moisture over this region. However, the findings of Sori et al. (2017) suggested the reduction in the contribution
of moisture to the precipitation over the CRB from three important sources: (1) the eastern tropical equatorial
South Atlantic Ocean, (2) the eastern Indian Ocean north of Somalia and Ethiopia, along the eastern coast of
Africa to approximately 20°S, and (3) the CRB itself during years affected by severe and extreme drought in the
CRB. They highlighted that the greatest anomalies in the contribution of moisture were found in air masses from
the CRB itself.

The seasonal variability of the spatial gradient of precipitation recycling in CEA is regulated by both the direction
and strength of the moisture flux, while annual cycles of the recycling ratio in northern and southern CEA are
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regulated by both moisture transport and evapotranspiration (Pokam et al., 2012). The Congo region lacks major
mountain ridges to trigger rainfall, thus, the forests sustain atmospheric moisture through evaporation and are of
utmost importance for the region’s water resources (van der Ent and Savenije, 2011). The atmospheric
circulation over the Congo region is largely dependent on the role of vegetation and rainforests, which make
it vulnerable to the impacts of anthropogenic changes in vegetation cover (Elthair, 1996). Modelling
simulations have confirmed the local and remote effects of the deforestation of the CRB; locally decreased
evapotranspiration has reduced precipitation (by up to 50%) over all seasons (Nogherotto et al., 2013).
Thus, despite the low rate of deforestation in the CRB (Megevand et al., 2013), the forest loss dominated by
increasing smallholder clearing for agriculture (Tyukavina et al., 2018) has played a significant role in changing
the local hydrological cycle by exacerbating drought (Wilhite, 1992). In contrast to this view, Bell et al. (2015)
argued that precipitation in CEA does not necessarily decrease with decreased evapotranspiration, owing
to tropical deforestation, because the reduced evapotranspiration efficiency causes a significant increase
in near-surface temperatures, generating an area of low pressures and convergence.

Numerous studies have confirmed the key role of the CRB on the modulation of the local hydroclimatic
regime. However, regardless of the increasing number of studies, their remains considerable opportunity for
continued research in the CRB, as the Congo is one of the least studied major river basins on Earth (Alsdorf
et al., 2016). The results of Gimeno et al. (2020) showed that the greatest amount of precipitation in the CRB
originates from a terrestrial origin, and that precipitation from oceanic origins decreased more than the
precipitation from terrestrial origins from 1980-2015. Despite these results, the short and long-term roles of
moisture contributed for precipitation in the CRB from oceanic and terrestrial regions is still unclear, and
compared to precipitation, less information is available regarding evapotranspiration and temperature in
the CRB (Alsdorf, et al., 2016). Thus, in this study, we aim to expound upon previous findings by investigating
the spatiotemporal variability of droughts in the CRB, considering both precipitation and potential
evapotranspiration, and by separately assessing the role of the contributions to precipitation from oceanic and
terrestrial moisture sources on the occurrence and severity of short and long-term droughts in the CRB.

1.1 Study area

The CRB (Figure 1), located in CEA, is the second largest river basin worldwide, after the Amazon in
South America, and it extends over nine countries: Angola, Cameroon, Central African Republic,
Democratic Republic of the Congo, Republic of the Congo, Burundi, Rwanda, Tanzania, and Zambia.
Spread across the CRB is the Congo Rainforest, the world’s second largest contiguous block of tropical
forest, after the Amazon Rainforest, encompassing 400 million hectares, 200 million of which are covered
by forest, with 90% being dense tropical forests, representing 70% of all African forestlands (UNESCO,
2010; Megevand et al., 2013). The Congo River (a.k.a., Zaire River) is the fifth longest river in the world, and
the second longest in Africa (WWF, 2020). Therefore, the basin is characterised by high levels of biological
diversity and endemism of both plant and animal species. Demographic factors are major causes underlying
deforestation in the CRB, as they are chiefly associated with the growth of subsistence activities
(agriculture and energy) and are strongly correlated with demographic patterns (Megevand et al., 2013).

The geographic location and extent of the CRB in the northern and southern hemispheres allow it to receive
rainfall due to the seasonal-south migration of the Intertropical Convergence Zone (Nicholson, 2018). The
pattern of precipitation in the basin consists of two rainy seasons, from March-May and from September—
November, the latter of which represents the more pronounced rainy season, and a dry season from June—
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August (Washington et al., 2013; Dyer et al., 2017; Sori et al., 2017). This makes the region a complex
hydroclimatic region, with several subbasins.
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Figure 1. Geographic location of the CRB and the Land cover in 2003 with a grid resolution of 1 Km from
the United States Geological Survey. Freely available at: http://www.fao.org/geonetwork/srv

2. Material and methods
2.1 Drought indices

There are many definitions of drought in the scientific literature; for instance, an insidious natural hazard
that results from lower levels of precipitation than what is considered normal (WMO, 2012). Therefore,
several indices exist for identifying and monitoring drought events, a great number of which are listed and
explained in the Handbook of Drought Indicators and Indices (WMO-GWP, 2016). Some of the most
widely used meteorological drought indices are the Standardised Precipitation Index (SPI) (Mckee et al.,
1993), the Palmer Drought Severity Index (Palmer, 1965), and the Standardised Precipitation—
Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010). In this study, the SPI and SPEI are utilised
to investigate the temporal and spatial variability of droughts in the CRB.

The SPI has been widely utilised and recommended by the World Meteorological Organization (WMO)
to monitor drought conditions. According to Mckee et al. (1993), to calculate the SPI, a long-term
precipitation record of at least 30 years is needed. This series, for the period of interest, is then fitted to a
probability distribution that is later transformed into a normal distribution, such that the mean SPIs for the
study area and the chosen period are zero (Edwards and McKee, 1997). The SPI was calculated according
to a Pearson III distribution to obtain the distribution parameters, following the methods of Vicente-
Serrano (2006) and Vicente-Serrano et al. (2010). The Pearson III distribution is a three-parameter model
with shape, scale, and location parameters containing asymmetrical distributions that are either positively
or negatively skewed; it is closely related to the gamma distribution (Koutrouvelis and Canavos, 1999)
and has been widely utilised in statistical analyses across the hydrological sciences. SPI values represent
the number of standard deviations by which cumulative precipitation deviates from the climatological
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mean. Therefore, positive or negative SPI values indicate wet or dry conditions, respectively. As the SPI
is normalised, wetter and drier climates can be represented in the same way; thus, wet periods can also be
monitored using the SPI (WMO, 2012).

The SPEI has been utilised over the last decade to investigate drought phenomena in many parts of the
world, especially in tropical humid regions. This is because SPEI takes into account both the water supply
through the precipitation (P), and the atmospheric water demand through the potential evapotranspiration
(PET) in determining drought conditions. Consequently, an advantage of the SPEI with respect to the SPI
is that it provides a more reliable measure of drought severity (Vicente-Serrano et al., 2010; Begueria et
al., 2014). The SPEI is based on the same conceptual framework as the SPI. However, the SPEI is derived
from the climatic water balance rather than the P as the only input, as shown in equation 1:

D = P — PET, (1)

where D values are aggregated at different time scales, according to a similar method as that for the SPI.
In the next step D series are fit to the most suitable probability distribution. According to Vicente-Serrano
et al. (2010) and Begueria et al. (2014), to model D values calculated at different time scales, the most
suitable distribution is the log—logistic distribution, the formulation whereof is shown in equation 2:

F(D)=[1+ (D;'_‘y)ﬁ]-l, ()

where a, 5, and y are the parameters of scale, shape, and location. The three-parameter log—logistic
distribution is a generalisation of the two-parameter log—logistic distribution, for which parameters can be
estimated through several methods, and has been applied to frequency analyses of precipitation and
streamflow data (Singh, 1998). Following Begueria et al. (2014), model fitting was conducted to plot
positions so that they were unbiased using the Probability Weighted Moment. Finally, the SPEI was
obtained as standardised values of F(D). Both the SPI and the SPEI were computed for temporal
frequencies from 1-24 months. This multiscale characteristic is an advantage because it allows different
types of droughts to be recognised. Negative and positive SPEI values indicate drier and wetter conditions,
respectively. An advantage of the SPEI over the SPI is that it also avoids issues inherent in the SPI, such
as fitting periods with zero precipitation. For the calculation of the SPEI, the R package ‘SPEI’, available
at http://cran.r-project.org/web/packages/SPEI, was utilised, including all of the recommendations
proposed by Begueria et al. (2014).

In this study, we used the pre-established drought categories proposed by Agnew (2000) (Table 1)to
investigate the temporal and spatial evolution of drought in the CRB. The classification proposed by Mckee
et al. (1993) has been used in many studies. However, the classification of Agnew (2000) gives a more
realistic estimation based on probability classes rather than the magnitudes of the SPI; because of this
difference, we contend that the classification of Agnew (2000) is a more rational approach. Drought
episodes were considered to occur (onset) when the SPI or the SPEI fell below zero, reaching a value of at
least -0.84, and later returned to positive values (termination). The threshold of -0.84 corresponds to a 20%
probability, which means that a drought is only expected twice in 10 years. The SPEI at the temporal scale
of one month, in accordance with the WMO (2012), was used to identify meteorological droughts. All
such episodes were calculated with respect to their duration and severity. The duration was considered to
be the sum of all months within an episode and the severity was considered to be the sum of all absolute
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SPEI values during the episode.

Table 1. Drought categories of the SPEI according to Agnew (2000).

SPEI Probability Category
>1.65 0.05 Extremely humid
>1.28 0.10 Severely humid
> (.84 0.20 Moderately humid
-0.84 <SPEI < 0.84 0.60 Normal
<-0.84 0.20 Moderately dry
<-1.28 0.10 Severely dry
<-1.65 0.05 Extremely dry

2.2 Flexible Particle Dispersion Model

Global outputs from the Flexible Particle Dispersion Model (FLEXPART) v9.0 (Stohl and James, 2004,
2005) were used to investigate the role of the Atlantic Ocean (AO), Indian Ocean (10), African continent
(without the CRB) (AF), and the CRB itself (Figure 2) as moisture sources for precipitation over the CRB.
This model first considers the atmosphere as homogeneously divided into a multiple air parcels (~2.0
million in the simulation used) that can be tracked backward or forward in time. In the forward model, the
parcels residing over the aforementioned sources were advected forward in time by three-dimensional
wind fields up to 10 days, according to the mean residence time of the water vapour in the atmosphere
(Nummaguti et al., 1999) by applying equation 3:

= v[x®)], 3)

where x is the position of the parcel and v[x(t)] is the wind speed, interpolated in space and time, of the
corresponding analytical grid. Along the trajectories, the gain (through evaporation from the environment,
e) or loss (through precipitation, p) in specific humidity (¢) by each parcel is calculated according to
equation 4:

(e—p) =m (%), 4)

dt

where m is the mass of a particle, which was considered to be constant. Phase changes in clouds are included
in estimates of (e — p), but a problem exists in that fluctuations in g along individual trajectories can arise
for nonphysical reasons (e.g. because of ¢ interpolations or trajectory errors); consequently, absolute
values of (e — p) may be highly biased. According to Stohl and James (2004), part of this noise is
compensated for among the many particles in an atmospheric column over area, 4. During travel, the target
parcels disperse; thus, integrating (e — p) for all the parcels in the atmospheric column over the CRB, from
1000 to 0.1 hPa, can return the net freshwater flux (£ — P) into the air mass that reached the target basin
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(Stohl and James, 2005). In a region, when (£ — P) < 0, moisture loss prevails in the atmospheric column
(i.e. precipitation exceeds evaporation), and the contrary is true (i.e. moisture is retained in the column)
when (£ — P) > 0. In this study, we focused on the computation of (£ — P) < 0, assumed to represent the
contribution to P from each source. This method has been successfully applied in several studies
worldwide, especially for humid tropical regions, including the Amazonia (Drumond et al., 2014; Sori et
al., 2018), the Indian subcontinent (Ordofiez et al., 2012), the Sahel (Nieto et al., 2006), and the CRB (Sori
etal., 2017).

40°N

20°N

00

20°S
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-10°W 10°E 30°E 50°E 70°E

Figure 2. Geographical location of the CRB (green) and regions selected as potential sources of moisture
to the CRB: The Atlantic Ocean (light blue), the Indian Ocean (blue), part of the African continent (brown),
and the CRB (green). Arrows indicate the paths of predominant moisture fluxes entering the CRB.

Dyer et al. (2017) used a modified version of the National Center for Atmospheric Research Community
Earth System Model to track moisture for user-defined regions. Their results showed that the CRB receives
moisture mainly from the 10 up to 120°E, the CRB itself, the African landmass surrounding the CRB, and
the eastern equatorial AO. Similar results were found by Sori et al. (2017), who utilised a Lagrangian
approach. However, Sori et al. (2017) found that from the Indian Ocean, two main moisture source regions
were constrained; the Arabian Sea and the area surrounding Madagascar up to 80°E. In accordance with
these findings, West Africa was not considered to be a moisture source for the CRB in this study. Central
Africa is an important source of moisture for rainfall in the Sahel and West Africa (van der Ent et al., 2010).
Based on these arguments, we established the boundaries of the sources considered in this study (Figure 2).

2.3 Statistical analyses

SPI and SPEI values can be affected by the autocorrelation of the input variables and the effects of moving
sums and averages (Pascoa et al., 2017). To avoid this effect in determining drought trends, a modified
Mann—Kendall test (Hamed and Rao, 1998) was used. To perform the trend analyses for the rest of the
series, the standard Mann—Kendall test (Mann, 1945; Kendall, 1975; Hipel and McLeod, 1994) was utilised.
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The modified and standard Mann—Kendall tests are nonparametric in which the null hypothesis, Ho, is that
the data come from a population with independent realisations and identical distributions. The alternative
hypothesis, H,, is thatthe data are monotonic. To complement this analysis, Sen’s Slope (Sen, 1968) was
also applied. Using a simple linear regression, the coefficient of determination (R*) was calculated, which
shows the proportion of the variance in the dependent variable (severity of drought episodes) that was
predictable with respect to the independent variable (contributions from the AO, 10, AF, and CRB). A
Student’s #-test with an a-level of 95% was used to validate the statistical significance of the regression
coefficient.

2.4 Data

To calculate the SPI, monthly gridded P from the Climate Hazards Center InfraRed Precipitation with Station
data (CHIRPS) v2.0 (Funk et al., 2015), available for the period between 1981 and 2018, was used. This
dataset combines 0.05°-resolution satellite imagery with in situ station data to create gridded rainfall time
series for trend analysis and drought monitoring. To obtain the SPEI, the CHIRPS P and PET gridded values
from TerraClimate datasets (Abatzoglou et al., 2018) were utilised. We decided to use PET instead of the
Actual Evapotranspiration (Eta) since, under drought conditions, plants can avoid water loss by closing their
stomata, thereby reducing the Eta. Consequently, Eta is not a good indicator of drought stress. TerraClimate
is a global database with a high spatial resolution (1/24°, ~4 km) that is obtained using climate-aided
interpolation of the Climatic Research Unit (CRU) Ts4.0 data (Harris et al., 2020). Results of Dyer et al.
(2017) showed that the seasonal cycle of P over the CRB in the CRU TSv.3.21 datasets (Harris et al., 2014)
for the period 1980-2000 perfectly match that revealed by the Global Precipitation Climatology Center
(GPCP) (Schneider et al., 2015) and the Global Precipitation Climatology Project (GPCP) (Adler et al.,
2003) datasets. Nevertheless, CRU Ts4.0 is a datasets derived by the interpolation of monthly climate
anomalies from networks of weather station observations, and uses climatological values for grids where
long-term observation stations do not exist. It occurs in regions like CEA (5°S—5°N, 12.5-30°E; Washington
et al., 2013), wherein the number of rain gauges drastically decreased after 1980, perhaps resulting in the
representation of incorrect climate signals in the CRB and other areas. To resolve this problem, TerraClimate
also utilises datasets from the Japanese 55-year Reanalysis datasets (JRA-55) (Kobayashi et al., 2015;
Harada et al., 2016).

The FLEXPART global outputs utilised here were calculated at the Environmental Physics Laboratory at
the University of Vigo, Spain. To run this model, it was necessary to employ global three- and two-
dimensional datasets, including the surface pressure, 10-m horizontal wind components, total cloud cover,
2-m temperature and dew point temperature, large-scale and convective precipitation, sensible heat flux,
and east/west and north/south surface stresses available at 6-h intervals at 1° horizontal resolutions over 61
vertical levels from 0.1-1000 hPa from ERA-Interim reanalysis datasets (Dee et al., 2011); the topography
was also considered.

3. Results and discussion
3.1 Temporal evolution of dry and wet conditions

Figure 3 shows the dry and wet conditions for the period between 1981 and 2018, according to the
categories listed in Table 1 at different scales of the SPI and SPEI (from 1-24 temporal scales). Visual
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analysis of this figure reveals that the most frequent and intense drought conditions, according to all SPI and
SPEI temporal scales, affected the CRB from 1983—-1984, 1992-1994, 2004—2005, 2009-2012, and after
2015. There are some differences between the magnitudes of the SPI and SPEI values for some drought
periods, such as the end of 1993 and 1994, and after 2015. As expected, these differences occur due to the
influence of the PET. Previous studies have also revealed that compared to the period from 1951-1980,
meteorological droughts from 1981-2016 were more severe for both SPEI-12 and SPI-12 (i.e. the SPEI and
SPI at 12-month timescales) in the CRB (Spinioni et al., 2019). Figure 3 highlights the strong dry conditions
in 2015 and 2016, particularly shown by the SPEI (Figure 3b), which indicate the role of PET on modulating
drought severity in the CRB. Intense drought conditions associated with the 2015-2016 El Nifio event
affected the forests, resident livelihoods, and economic growth of the Congo, as well as most of central and
southern Africa (Baudoin et al., 2017; Wigneron et al., 2020). A trend analysis of the SPI and SPEI series at
scales of 1, 3, 6, 12, 18, and 24 months throughout the study period revealed a similar tendency toward drier
conditions, all of which were statistically significant except for the SPI-1 (Table 2). This uninterrupted
trend toward drier conditions has been reported many times in the literature.
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Figure 3. Temporal evolution of the SPI (a) and SPEI (b) at timescales of 1-24 months for 1981-2018 in
the CRB. Yellow, orange, and dark red colours represent moderate, severe, and extreme drought conditions,
respectively.
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Table 2. Statistical indicators of the Mann—Kendall and Sen’s Slope test for the trend assessment of SPEI-
1,-3,-6,-12, -18, and -24-month time series from 1981-2018.

SPI SPEI
Timescale (months) VA Slope p-value VA Slope p-value

-1.2731  -0.00046  0.2030  -4.3108 -0.00162  1.6e-05

3 -2.8732  -0.00106 0.4e-03  -7.2673 -0.00271  3.6e-13

6 -4.0933  -0.00159 4.2e-05 -9.8371 -0.00370 2.2e-16

12 -5.9448  -0.00236 2.7e-09  -13.347 -0.00500 2.2e-16

18 -6.5329  -0.00270 6.4e-11  -15.094 -0.00555 2.2e-16

24 -7.2855 -0.00310 3.2e-13  -16.212 -0.00611 2.2e-16

In terms of the spatial trends, previous studies have also shown that most of the patterns of rainfall over
CEA from April-June exhibit linear trends (mm d' decade™) for the period between 1950 and 2014 from
the GPCC data, and between 1979 and 2014 from the GPCP data, they exhibit decreasing trends (Hua et
al., 2016). Only precipitation values are necessary to calculate the SPI; an increase or decrease in
precipitation relative to the historical average is reflected as an increase in wet or dry conditions,
respectively. However, as discussed in section 1, the CRB is home to the second largest tropical forest on
Earth, which serves as an enormous energy converter, induced by the absorption of solar energy and
evaporation processes (Mahé et al., 2005). Forests convert water into water vapour and provide shade more
than any other vegetation cover, which can reduce the direct downward shortwave radiation that reaches
the surface, leading to cooler surface temperatures (de Wasseige et al., 2015); at the same time, absorption
of solar energy limits heating and vaporises water that root systems can extract from the soil (Monteny,
1987). According to Zhou et al. (2014) and Ugbaje and Bishop (2020), the SPEI is an indicator of variations
in soil moisture, which is directly related to crop production and rainforest greenness in the CRB.
Therefore, we focused on the SPEI rather than the SPI to further investigate drought phenomena in the
CRB.

A spatial trend analysis was conducted for the SPEI-1 and SPEI-12 at each grid point within the CRB for
the period from 1981-2018 (Figure 4). At these time scales, the negative values of the SPEI were
associated with meteorological and long-term drought. The results also revealed that negative trends
prevailed across the basin. The critical areas for SPEI-1 were the northern area and parts of the central and
southern basin (Figure 4a); meanwhile, significant negative trends in SPEI-12 were observed across almost
all of the CRB, with the exception of the western central zone around the mouth of the Congo River, a
small area in the north of the basin, and in the southeast (Figure 4b). Our findings are in accordance with
those of Spinoni et al. (2019), who revealed the key role of temperature on drought trends over most of
Africa. The results also showed that the worst combination of dynamics (i.e. precipitation decrease and
PET increase) occurred for drying from 1981-2016, over most of CEA and the entire CRB. Moreover,
similar to Spinoni et al. (2019), we found that prevailed a negative trend for the P and a positive trend for
PET from 1981-2018 (Figure S1) for the CRB. Most of the negative trends in the SPEI-1 and SPEI-12 in
the northern half of the CRB coincide with the dense, humid Congo Rainforest.
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Figure 4. Trends of (a) SPEI-1 and (b) SPEI-12 from 1981-2018. Significant values (p < 0.05) are
enclosed by continuous lines.

3.2 Moisture contributions to precipitation over the CRB

The contribution of climatological moisture to precipitation over the CRB from each of the source regions
shown in Figure 2 are shown as percentages in Figure 5. As can be seen, > 60% of the total moisture was lost in
air masses as they were modelled forward in time from the same basin — in agreement with the results of Sori et al.
(2017). The rest of the contribution, from greatest to least, occurred from the rest of the African continent (AF),
followed by the 10 and AO. These results confirm the importance of continental sources and local recycling.
According to van der Ent et al. (2010, 2011), in CEA, the evaporation recycling ratio (i.e. the amount of
evaporated water that falls on land versus over the oceans) is one of the highest worldwide. Furthermore,
the IO is more important in terms of the total moisture contribution than the AO, in accordance with the
results of Dyer et al. (2017), who proposed that much of the moisture transported from the Atlantic into the
CRB is recirculated back over the Atlantic in the lower troposphere. For convenience, we used the modulus
of the values of (£ — P) < 0 to calculate the correlations with P series over the basin. The results showed
that the best correlations between monthly | (E-P)<0 | series were obtained in air masses from the CRB,
10, and AF.
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Figure 5. Contribution (%) of climatological moisture to precipitation over the CRB supplied by the AF,
AQ, 10, and the CRB itself from 1981-2018. Here, r-values indicate the correlations between each series
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of | (E-P)<0 | and P series from CHIRPS.

The monthly correlations between the series of | (E-P)<0 | computed from each source with the 1- to
24-month SPEI timescales are shown in Figure 6. Values greater than those represented by the stippled lines
within each graph are statistically significant at p < 0.05. The correlations between the contributions of
moisture from the AO and the IO with the SPEI-1 to SPEI-24 in the CRB were mostly positive for all
temporal scales (Figure 6a, 6b). However, significant values appeared at 1-3-month timescales of the SPEI,
and at longer timescales from April-September for the AO and from April-July for the 10. These months
were characterised by the lowest rainfall in the year; thus, high correlations over longer SPEI timescales
(from 6 to 24 months) indicate that total moisture loss over the basin can modulate the accumulated dry/wet
conditions from several months before, even at a time scale of 2 years. At these time scales, the SPEI is
usually associated with hydrological droughts. Vicente-Serrano et al. (2012) also found that hydrological
droughts in the CRB, according to the Standardised Streamflow Index, are closely related to climatic
droughts computed at timescales between 3 and 10 months by the SPEI. The correlation between terrestrial
moisture supplies from the AF and CRB and SPEI are better than those of oceanic moisture and the SPEI at
all timescales throughout the year, which is contrary to that observed for the AO and 1O, during the rainiest
months (October to March) (Figure 6¢, 6d). The findings of Tomas-Burguera et al. (2020) revealed that high
precipitation in humid regions like the CRB can modulate the impacts of the interannual variability of PET
on drought severity, although some influence can also be found in dry years.
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Figure 6. Temporal correlations between monthly anomalies of | (E-P)<0 | computed over the CRB
from the (a) AO, (b) IO, (c) AF, and (d) CRB with monthly SPEI values at 1-24-month timescales from
1981-2018. Statistically significant values (p < 0.05) are greater than those represented by a dashed line.

Figure 7 shows the accumulated anomalies of | (E-P)<0 | computed over the CRB in the forward
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analysis from each source and for each of the meteorological drought episodes identified in the study
period (N =53). A visual analysis reveals that in most of the episodes, there was a decrease in the moisture
contributed from the source regions, except in nine episodes for the AO, 13 for AF and the CRB, and 17
for the IO. The greatest anomalies in all of the episodes occurred in the moisture contributed from the CRB,
followed by the rest of the AF. Figure 7 highlights the 48" and 51° episodes because they represent the
greatest total anomalies. These episodes of drought affected the CRB from September 2014 to January
2015 (five months; episode 48) and from May 2016 to January 2017 (nine months; episode 51), which is
in accordance with prevailing drought conditions observed after 2015 (Figure 3b).
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Figure 7. Monthly anomalies of the contributions of moisture from the AO (light blue), 10 (dark blue),
AF (orange), and CRB (green) accumulated during each drought episode identified over the CRB from

1981-2018.

Supplementary Table 1 shows the dates of every meteorological drought episode, as well as their duration
and severity. It was observed that in some episodes, the anomalies were positive from some sources and
negative from others, which means that the contribution of moisture from some sources may have a more
dominant role than others. This phenomenon was explained by Sori et al. (2017), who found that the spatial
variability in the | (E-P)<0 | patterns over the CRB was influenced by synoptic and dynamic conditions
and the geographical locations of the sources.

It is important to know the role of the sources before the onset of drought episodes. Table 3 shows the
percentage of months with negative anomalies in the contribution of moisture at the beginning of each
drought episode, as well as for the preceding one and two months. Here, we considered the 53
meteorological drought episodes identified with the SPEI-1. As can be seen, > 80% of the months in which
the episodes began coincided with negative anomalies in the moisture contributed from the AF and the
CRB, followed by 78.8% of the months for contributions from the 10, and 65.4% from the AO. This
changed for a month before, when 55.8% and 51.9% of months with negative anomalies in their values of
| (E-P)<0 | computed over the CRB were from the IO and AO, respectively — greater percentages than
from the terrestrial sources, the AF (50%) and the CRB (44.2%). Two months before the onset of droughts,
the percentage was also > 50%, with the minimum shown for the CRB (51.9%). Until now, the results
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showed the importance of terrestrial sources; however, the fact that in a greater number of months, a
decrease occurred in the contribution of moisture from oceanic sources than from terrestrial sources
indicates that both the 10 and AO can play a deterministic role in the onset of meteorological drought
episodes, though this should be investigated further.

Table 3. Percentage of months with negative anomalies in the moisture contributed from each source at
the onset of each drought episode and during the previous 1 and 2 months.

Negative anomalies (%)
CRB AF AO 10
Onset 82.7 80.8 78.8 654
Onset — 1 month 442 50.0 519 558
Onset — 2 months 519 577 558 57.7

The values of the total | (E-P)<0 | anomalies during drought episodes presented in Figure 7 may be
related to the severity of the episode. Thus, possible relationships between the severity of meteorological
drought episodes and variations in moisture supplied from the AO, IO, AF, and CRB were investigated
through a simple linear regression (Figure 8). The highest R* (= 0.42) was found between severity and (E —
P) < 0 series of anomalies computed in the model from the CRB (Figure 8d). This relationship was
statistically significant at p < 0.05 and indicates that 42% of the variability in the severity of drought
episodes could be explained by variations in the moisture supplied from the CRB itself. The rest of the
regressions in Figure 8 exhibit lower explained variances, although these values are also statistically
significant. The R? values decreased similarly to the percentages of the total contributions shown in Figure
5 (i.e. CRB > AF > 10 > AO), which suggests that the severity of the episodes is related to the magnitude
of moisture contributed from each of the source regions.
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Figure 8. Scatterplot: anomalies in moisture contributed from the (a) AO, (b) 10, (¢) AF, and (d) CRB (x-

axis, mm/day) and the severity of drought episodes. Discontinued lines are the corresponding regression
lines. Period 1981 —2018.

A trend analysis for the |(E - P) < 0| series revealed that all contribution sources experienced a
statistically significant decrease from 1981-2018 (Table 4). Consequently, the slope in the total moisture
contribution experienced a decrease of 0.0162 mm d' month™. In this analysis, the major slope represents
the moisture contribution from the AF (-0.0032 mm d™' month™). Nevertheless, considering the important
role of the CRB in its own hydroclimate, we plotted the temporal evolution of monthly | (E-P)<0 |

anomalies and the moisture contribution from the CRB itself (Figure 9). From 1995-2004 and from 2012—
2016, it was observed that negative anomalies prevailed in this series. Compared with Figure 3b, the first
of these periods coincided with intermittent drought conditions at short and moderate SPEI timescales, and
the second period was in agreement with the most intense drought that affected the CRB in the study
period.

Table 4. Trends of |(E - P)< 0| series over the CRB from each source between 1980 and 2018.
Statistically significant (p < 0.05) trends are denoted by an asterisk (*).

Source Z Slope (mm/day) p-value
AF -5.91 -0.0032 3.384e-09%*
AO -6.42 -0.0015 1.326e-10*
10 -3.25 -0.0010 0.001145%*
CRB -6.07 -0.0100 1.271e-09*
Total -6.07 -0.0162 1.212e-09%*
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Figure 9. Temporal evolution of the | (E-P)<0 | anomalies computed over the CRB in a forward
experiment for the moisture provision from the CRB itself (1981-2018). The blue line shows the linear
trend of the series and the shaded area shows the 95% confidence interval.
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A spatial trend analysis was performed for the moisture contributed from each source (Figure 10). From the
AO (Figure 10a), a small region with significant positive trends matches the region of the mouth of the
Congo River, while negative trends prevail over the rest of the basin, particularly over the northwest. The
trend of | (E-P)<0 | calculated from the IO is also primarily negative, with significant trends in the
northern half of the CRB, which were more intense in the central and eastern parts (Figure 10b). An increase
in the moisture contributed from the IO was also observed in the west-central part of the CRB, and over the
southeast. For the AF and the CRB itself (Figure 10c, d), it was also observed that negative trends prevailed
in the northern half of the CRB, where several subbasins, such as the Middle Congo, Oubangui, Ruki, and
Sangha, and the northern Upper Congo River, are located; these tributaries are very important for the Congo
River (Becker et al., 2014). The greatest and most significant negative anomalies in moisture contributions
from the CRB itself were observed in the regions occupied by humid rainforests. In contrast, intense and
significant positive trends in the moisture contributions were observed from the CRB in the west-central
CRB over the mouth of the Congo River. The spatial configuration of the trends is similar to the patterns of
the SPEI-1 and SPEI-12 (Figure 5a, b). Greater negative trends in moisture loss over the northern Congo
Rainforest also coincided with observational evidence of a widespread decline in forest greenness over the
last decade in the CRB (Zhou et al., 2014). In this study, the air masses residing over the entire CRB were
modelled forward in time and the net freshwater was computed along the trajectories. A more detailed study
that only considers the Congo Rainforest should be conducted to clarify the contribution of this region on
the variability in local and remote rainfall and the occurrence of dry/wet conditions.

— e
-0.02 -0.01 0 0.01 0.02 (mm/day)

Figure 10. Trends of | (E-P)<0 | calculated over the CRB for air masses modelled forward in time
from the (a) AO, (b) 1O, (c) AF, and (d) CRB. Significant values (p < 0.05) are denoted by black dots.

4. Conclusions

In this study we found that the CRB experienced a trend toward dryness from 1981-2018, which is in
agreement with previous findings for CEA. The SPI and SPEI were utilised to identify and investigate the
occurrence of drought conditions in the CRB. The results confirmed the importance of PET in modulating drought
conditions, especially for the severe and extreme droughts that affected the CRB from 2015-2017. The spatial trend of
the SPEI at short (1 month) and long (12 months) timescales revealed significant decreases in the northern half of the
CRB and in parts of the central and southern basin; however, the drying trend according to the SPEI-1 was mainly
observed in the northern half of the CRB along the Congo Rainforest.

To investigate the role of moisture transport from the AO, 10, AF, and the CRB itself, we used the Lagrangian model
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FLEXPART. The analysis confirmed that the moisture contribution to precipitation from the CRB itself was > 60%.
The AF was also an important source of moisture for the CRB. Meanwhile, the moisture contribution to
precipitation from the IO was greater than that supplied from the AO. For all sources, we found a decrease
in the moisture contributed to the CRB during the study period, especially during meteorological drought
episodes. However, positive trends in the moisture contributed from all sources occurred in the west-
central part of the basin around the mouth of the Congo River, in accordance with wetting trends.

Our results suggest that decreases in the moisture contributed from the 10 and AO, followed by the
contributions from the AF and the CRB itself, one month before the onset of drought episodes may be
directly correlated. The spatial trends of the | (E-P)<0 | series were very similar to those of the SPEI-
1 and SPEI-12, and showed that moisture lost over the CRB in air masses from the AO, 10, AF, and
particularly the CRB itself, decreased in the northern half of the basin, over the Congo Rainforest. This
suggests that local rainfall generated via recycling decreased, confirming previous findings on the role of
decreased precipitation and increased PET in regions of CEA. Thus, strong land—plant-atmosphere
hydroclimatic feedbacks exist in the CRB and are driven by local and remote conditions. Our future
research will explore the spatiotemporal variability in moisture contributions during different seasons and
for different subbasins in order to more accurately understand the role of moisture transport from oceanic and
terrestrial sources on the occurrence and evolution of dry and wet conditions within the CRB. In the same way,
the role of humid forests in contributing to local and remote precipitation will also be investigated.
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