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Abstract

The Congo basin is one of the most hydrologically active and pristine locations with limited understanding of how precipitation
changes impacts on stream flow dynamics and variations in catchment stores. Given that the basin is among the three prominent
convective regions that dominates global rainfall climatology during transition seasons, historical space-time variability of rainfall
(1901-2014) over the basin in relation to river discharge is analyzed in order to understand significant hydro-climatic shift. Based
on advance multivariate analyses, the total variability of the leading modes (annual variations) of rainfall increased during the
1931-1960 (56.3%) and 1961-1990 (57.3%) periods compared to the 1901-1930 baseline period (51.3%). It varied less between
1991 and 2014 (55.4%) as opposed to the two climatological periods between 1931 and 1990. Furthermore, the total variability
in the multi-annual rainfall signals declined from 16.5% at the start of the century (1901-1930) to 13.6% in the 1991-2014
period while the total variability accounted for by other short-term meteorological signals oscillated between 4.0% and 2.7%
during the entire period. Between 1995 and 2010 there seems to be a change in the hydrological regimes of the Congo river as
the cumulative departures of rainfall and discharge were in opposite directions. The considerable association of discharge with
rainfall in catchments characterized by strong annual and seasonal amplitudes in rainfall implies that the wetland hydrology
of the basin is largely nourished by rainfall, in addition to possible exchange of fluxes within the Congo floodplain wetlands.
Notably, a significant proportion of changes in the dominant rainfall patterns is still not explained by those of river discharge.
This information signals the threshold of complex hydrological processes in the region, and perhaps suggest the influence of
anthropogenic contributions (e.g., deforestation) and strong multi-scale ocean-atmosphere phenomena as key secondary drivers

of hydrologic variability.

1. Introduction

Rainfall is a major source of freshwater availability for the functioning of ecosystems and sustainability of
both hydrological and agricultural systems. Indeed, rainfall is an important aspect of the hydrological cycle
that shows an increasing acceleration owing to climate change. As the climate warms, the hydrological cycle
accelerates, causing an increase in the spatiotemporal variability of precipitation and also in the duration
and intensity of extreme events such as droughts, storms, and floods (e.g., Ndehedehe, 2019). The need to
assess the response of surface water hydrology to changes in climate is therefore crucial.

The rise in extreme events, especially drought frequency, duration and severity across several African domain
in recent times (see, e.g., Ndehedehe et al., 2019; Haile et al., 2019; Mpelasoka et al., 2018; Agutu et al., 2017;
Ndehedehe et al., 2016b,c; Hua et al., 2016; AghaKouchak, 2015; Shiferaw et al., 2014; Zhou et al., 2014) are
strong indications of climatic disturbance and perhaps the increasing vulnerabilities of the African sub-region
to the impacts of extreme climatic conditions. These extreme drought events have been the direct result of



prolonged limited or below average rainfall. Among other factors, they have been attributed mostly to the
perturbations of the surrounding oceans, natural variability, important processes of oceanic variability and
human actions, e.g., land use change, deforestation, among others (e.g., Haile et al., 2019; Ndehedehe, 2019;
Nicholson et al., 2018; Andam-Akorful et al., 2017; Ndehedehe et al., 2016¢,b; Epule et al., 2014). Based
on regional climate model simulation, deforestation in the Congo basin, for example, will locally produce
a heat low and lead to reduced precipitation (Nogherotto et al., 2013). Assessing evolutionary changes in
rainfall patterns is therefore essential to improve knowledge on the interactions between climate systems and
globally significant hydro-ecological domains such as the Congo basin.

The critical hydrological features of the Congo basin make it one of those globally significant domains given
it key roles in global climate and the huge ecosystem services it provides on mutli-scales (e.g., Ndehedehe et
al., 2018; Bell et al., 2015; Verhegghen et al., 2012; Washington et al., 2013). For example, the sensitivity of
climate to the loss of the Congo basin rainforest and other ecological disturbance through extensive land cover
change and human interaction with the ecosystem is well known (e.g., Bell et al., 2015; Malhi et al., 2013;
Verhegghen et al., 2012). Numerical simulations from climate models have demonstrated the importance of
the Congo forest to its local hydrology. For instance, the study by Bell et al. (2015) show that deforestation
in the Congo basin results in increase albedo and will lead to cooler and drier climate conditions over the
entire basin. They noted that the absolute depletion of the Congo basin forest will decrease rainfall by 42%
in the western part with a slight increase of 10% in the basin’s eastern section. This ecological disturbance
of the African rainforest biome could have implications on regional hydrology, especially modulating local
rainfall regimes. In fact, it is argued that more than 50% of the total atmospheric moisture contribution to
local precipitation emanates from within the Congo basin (Sori et al., 2017). Furthermore, the Indian

Ocean and evaporation from the Congo basin are perceived as important moisture sources for the basin. Dyer
et al. (2017) argued that the Indian Ocean contributes about 21% of the moisture while 25% of the moisture
is recycled within the Congo Basin. They also noted that much of the wet season Congo basin rainfall was
derived from the Indian Ocean moisture, stressing the need to understand links between circulation patterns
over the Indian Ocean and the local circulation over the basin to aid the optimisation of future climate
projections.

The Congo basin (Figs. la-c) is one of the most hydrologically active and pristine locations in the world
with limited understanding of how precipitation changes impact on stream flow dynamics and variations
in catchment stores. Although rainfall variability in different climatic zones of Congo-Brazzaville over the
common period 1932-2007 has been studied (Samba and Nganga, 2012), limited and lack of complete and/or
continuous observational data is a key challenge to quantitative assessment and characterization of the
Congo river basin hydrology (Munzimi et al., 2015; Conway et al., 2009). This was the basis for assessing
the performance of satellite precipitation in the Democratic Republic of Congo (Munzimi et al., 2015) and
several other studies that relied on multi-satellite and global reanalysis data to aid the characterization of
surface water hydrology, hydro-climatic, and land surface conditions in the region (see, e.g., Ndehedehe et al.,
2018, 2019; Zhou et al., 2014; Lee et al., 2011, 2014; Nogherotto et al., 2013; Asefi-Najafabady and Saatchi,
2013; O’Loughlin et al., 2013; Conway et al., 2009; Crowley et al., 2006).

While simulating discharge of the Congo River is challenging (Santini and Caporaso, 2018), semi-distributed
rainfall-runoff models have been employed to understand processes of runoff generation and study the impacts
of climate and human actions on water resources availability (e.g., Tshimanga and Hughes, 2014). However,
the response of the Congo river to historical changes in rainfall patterns over different climatological periods
(1903-2010) is not well known. Apart from the lack of sufficient gauge data for hydrological applications,
Tshimanga and Hughes (2014) also argued that the complexity of natural processes limits our understanding
of surface water hydrology. The connection between Congo spring discharge and Gulf of Guinea SST (Materia
et al., 2012) and the coupled interactions of the nearby oceans with precipitation patterns, provide important
considerations for the rainfall-discharge relationship over the Congo basin. A key hypothesis this study aims
to address is that ‘despite known variations in the discharges of the Congo river, previous rainfall amounts
have varied comparatively less across the Congo basin’. This important hypothesis requires an assessment of



the historical relationship of changes in river discharge with those of precipitation. In light of the proposed
water transfer from the Congo basin to nourish the Lake Chad (see, e.g., Ndehedehe et al., 2016b; Lemoalle
et al., 2012), understanding key hydrological metrics related to rainfall-runoff relationship are important
issues to be considered. In addition to environmental impact assessments of this project on the donor basin,
addressing technological and socio-cultural constraints that may impede the actualization of this project are
also crucial. Ultimately, the knowledge of evolutionary patterns of river flow and potential socio-hydrological
problems that could be linked to climate change can be used to improve diplomacy and regional cooperation
by stake holders and riparian countries of both river basins to adapt and seek for innovative solutions on
this project.

Given that the basin is among the three prominent convective regions that dominates global rainfall clima-
tology during transition seasons (e.g., Washington et al., 2013), historical space-time variability of rainfall
(1901-2014) over the basin in relation to river discharge is analysed in order to understand significant hydro-
climatic shift. As we still know little about the nature of climate and anthropogenic influence on the basin,
outcomes from model simulation studies, though largely contrasting (e.g., White and Toumi, 2014; Materia
et al., 2012), are insufficient, warranting more research. In fact, the skills of several global climate models
to simulate historical precipitation over central Africa is considerably limited (Aloysius et al., 2016). Hence,
assessing the unique interactions between rainfall and discharge during the last century is essential to im-
prove our understanding of the likely threats of climate change on hydro-ecological assets and freshwater of
the Congo basin.

|Figure 1]
2. Materials and method
2.1. Precipitation

The Global Precipitation Climatology Centre (GPCC, Schneider et al., 2014; Becker et al., 2013) was used to
assess the spatial and temporal patterns of rainfall over the Congo basin. The data provides reliable monthly
gridded data sets of global land-surface precipitation at 0.5* x 0.5* | covers the period from 1901 to 2014, and
can be downloaded from the GPCC data portal (www.ftp.dwd.de/pub/data/gpcc/html/downloadgate.html).
The updated CRU precipitation data (Harris et al., 2014) was also used in this study. This version of the
data (CRU TS3.10) includes the number of stations used in the interpolation, thus allowing an objective
determination of the reliability of values. Apparently, the two datasets go back as far as 1901 and we
acknowledge the limitations of GPCC gauge distribution over the Congo basin, which may not be as dense
as other tropical regions. However, the GPCC has more gauge locations than CRU over the region. Given
that this study is over the entire Congo basin region (about 3.7 million km2), the spatial resolution of 0.5*
is suitable in resolving the sources of variability in the Congo region. Also, the error variance in GPCC and
CRU is significantly less compared to satellite products (Ndehedehe et al., 2019). We used the GPCC data
in all our analysis because of its reliability and as it is the most commonly used product with more ground
observations from stations worldwide in the validation of global precipitation data sets. But a key limitation
of the CRU data as highlighted by its data providers is uncertainties and unreliability in estimated trends.
Overall, the uncertainties and ambiguities surrounding the Congo precipitation is still an ongoing discussion
and it is open to further conversation in future studies.

2.2. River discharge

The river discharge used in this study was obtained from the GRDC (Global Runoff Data Centre) archive
(www.bafg.de/GRDC). The gauge station at the Congo Kinshasa station was used to study hydrological
response of the Congo river to rainfall conditions. GRDC has several discontinuous and abandoned gauges
distributed across the basin, however, the gauge at the Congo river in Kinshasa station has complete historical
data (19037 2010) with no gaps. Because of its numerous discharges from tributaries that originates from
Eastern Africa, this hydrological station is one of the most significant in the basin. Also, this gauge station
showed considerable strong amplitude in monthly discharge and explained considerable multi-annual changes
(more than 80% of variability) in the GRACE-hydrological signal of the Congo basin Ndehedehe et al.



(2018). It is therefore logical to conclude that the discharge at Kinshasa station encapsulates most of the
flows within the basin. Moreover, our analyses of observed relationship of discharge with rainfall were based
on the common period for which both data are available.

2.3. Evolutionary patterns of rainfall and discharge

Three different multivariate methods were employed to analyse the spatial and temporal patterns of rainfall
and discharge. First, the principal component analysis (PCA, e.g., Jolliffe, 2002) was used to decompose
time series of GPCC-based precipitation into spatial and temporal patterns. PCA is an important tool to
assess the spatio-temporal variability of continuous climate data such as rainfall due to its simplicity and
capability to isolate both inter-annual signals, and long-term periodic variations (Ndehedehe et al., 2016a).
The method reduces the dimensions of multivariate data by creating new variables that are linear functions
of the original variables. Significant modes of variability for each climatological period (1901- 2014) were
assessed based on the statistical rotation of PCA. To understand the spatio-temporal variability of rainfall
during each climatological period with a 30-year window, rainfall grids for each window were decomposed
using this technique. This window allows a

reasonable conclusion of climate change or climate variability impacts on rainfall and river discharge,

especially whether the latter has changed significantly in response to the former. The singular spectrum
analysis (SSA, Ghil et al., 2002) was employed to decompose monthly river discharge through a singular
value decomposition (SVD) of the lagged covariance matrices. The reconstructed discharge time series (i.e.,
matrix of reconstructed principal components of discharge) obtained from the SSA scheme were compared
with the leading temporal patterns of PCA-derived rainfall using correlation and regression analyses (next
sections) for the common period. Second, to assess the relationship between local rainfall and discharge,
rainfall was further localised over the Congo basin using the independent component analysis (ICA, e.g.,
Cardoso, 1999; Cardoso and Souloumiac, 1993). The ICA method employed here is based on the JADE
(Joint Approximate Diagonalisation of Eigen matrices) algorithm, which exploits the fourth order cumulants
of the data matrix and is fully detailed in Cardoso and Souloumiac (1993). Several applications of PCA
and ICA methods in droughts and hydro-climatic studies and localization of groundwater signals have been
documented (e.g., Agutu et al., 2017, 2019; Montazerolghaem et al., 2016; Ndehedehe et al., 2016b, 2017;
Sanogo et al., 2015). The temporal variations of rainfall associated with the localised spatial patterns were
correlated with

discharge to determine the influence of local rainfall on discharge. Using the ICA method, rainfall grids were
localised as:

Xgrec (z, y, t) = TS; (1)

where (z, y ), and ¢ are grid locations and time steps (months), respectively. T is the temporal patterns and
is unit-less since it has been normalised using its standard deviation while the spatial patterns S associated
with T have been scaled using the standard deviation of its temporal patterns.T and S are interpreted
together and integrated to form what is traditionally called the ICA mode of variability (e.g., Ndehedehe et
al., 2017).

2.4. Multi-linear regression analysis

The MLRA (multi-linear regression analysis), a statistical technique used to model the relationships between
a dependent variable and one or more independent variables was used to characterize, trends, annual and
semi-annual amplitudes in rainfall. It uses a least square approach and has been widely applied in hydrology
and climate science to explain the possible relationships between key variables (see, e.g., Ndehedehe et al.,
2016a; Rieser et al., 2010). The focus here is to separate the harmonic components (mean annual and semi-
annual amplitudes) of rainfall over different 30-year climatological periods (1901- 2014) and then compare
whether they are statistically different or have different means using analysis of variance (ANOVA). ANOVA



is a prominent statistical method that is employed to assesses if the means of two or more groups (in our
case, trends, mean annual and semi-annual rainfall patterns from each climatological period) are significantly
different from each other. In the MLRA technique, the trends and harmonic components (mean annual and
semi-annual amplitudes) for each climatological period (1901- 1930; 1931- 1960; 1961- 1990; 1991- 2010) were
compartmentalised from the precipitation time series (P ) through parameterizations as (e.g., Ndehedehe
and Ferreira, 2020; Rieser et al., 2010),

P (L, k t)=Bo + B1t + Basin (2nt ) + Pscos (2nt ) + Pasin (4nt ) + Bscos (4nt ) + (¢ ); ( 2)

where (I; k) are the grid locations, ¢ is the time component, ¢ is the constant offset, B;is the linear trend,
B2 and B3 account for the annual signal, B4 and Bsrepresent the semi-annual signal, while (¢ ) is the random
error term. The amplitudes of rainfall (i.e., mean annual and semi-annual) over the region are then estimated
as,

Nl=

1
Annual = [( B2)%+ (83)* |*and Semi Annual :{( Ba? + (857 |°(3)
2.5. Linear rates, correlations, and cumulative departures

A non-parametric method such as the Sen’s slope (Sen, 1968) estimator was used to estimate the linear rates
in rainfall since it is robust and resistant to outliers. Sen slope (S ) is the median overall values of the whole
data and is estimated as,

Y -,
Sk:Median(] Z,>,fo7°(1 <i<j<n) 4
j—

where Y; and Y; represents data values at time j and ¢ (j > ¢ ), respectively while n is the number of
data. The slope can be positive indicating increasing trend or negative, indicating decreasing trend. Trend
analysis for precipitation grids used a 20-year window different from the MLRA of GPCC-based precipitation
(Section 2.4), which focused on trends based on 30-year climatological windows. Detecting changes in rainfall
in a relatively short window is crucial for better understanding of significant climate trends and developing
adaptation and mitigation measures at a regional and local scale. Given that the assessment of linear rates
in rainfall is a key aspect of long-term water resource evaluations strategy, cumulative rainfall departure
(Weber and Stewart, 2004) was estimated. The concept of cumulative rainfall departures (Weber and
Stewart, 2004) was also applied to estimate cumulative departures of river discharge. Generally, cumulative
departures are useful when employed as a general indicator of rainfall/discharge trends, with the upward
and downward gradient indicating relatively a rise and decline in rainfall, respectively (e.g., Ndehedehe et
al., 2017). Cumulative departures were both employed to evaluate trends in river discharge against those of
rainfall. All temporal relationships between rainfall and discharge were based on the Pearson’s correlation
coefficient and are deemed significant at a= 0. 05. Although it was not the main stay of this study, the

grid based comparison of GPCC and CRU precipitation data was also undertaken. Using correlation

and ANOVA in this regard provided a bit of perspective as to the inherent differences and similarities between
the widely used GPCC observational reference and the CRU data over the region.

3. Results
3.1. Historical changes in precipitation patterns over the Congo basin
3.1.1. GPCC vs CRU based precipitation estimates

The Congo basin precipitation estimates and its uncertainties are important issues that sometimes results
in polarized debates and divergent opinions amongst climate researchers who have worked in the region
(Ndehedehe et al., 2019). The challenging terrain, environmental conditions, and limited gauge observations
in the Congo basin are some reasons for the poor understanding of precipitation estimates. Although time



constraints (i.e., availability of historical observations) was a deciding factor in our choice of precipitation,
as earlier mentioned (Section 2.1), the error variance in GPCC and CRU is significantly less compared to
satellite products. Apart from disturbance of ecological assets and alteration to the Congo forest through
prolonged drought and deforestation, the influence of topography on the Central African hydrology and its
neighbouring East African countries cannot be overlooked. As with the influence of topographical variability
and gauge density on precipitation products in the surrounding East African countries (Agutu et al., 2020),
the Rift valley highlands in East Africa was earlier identified as an important driver of considerable anomaly
in precipitation over the Congo basin (Bell et al., 2015). But the availability of in situ data to improve
process-based knowledge on these drivers and monitor these conditions, including land surface conditions,
local water recycling activity and contributions from oceanic hot spots is an issue for the Congo basin. It is
true that a history of hydrological measurement exists in the Congo basin (Alsdorf et al., 2016).

[Figure 2]

However, the decline and significant gaps in gauge measurement, coupled with the unavailability of historical
meteorological data for research are key constraints that limits knowledge in the Congo basin. Hence, the
intricacies surrounding precipitation distribution over the Congo basin was therefore assessed by comparing
two observational reference gauged precipitation products, the Global Precipitation Climatology Centre
(GPCC, Schneider et al., 2014) and Climate Research Unit (CRU TS4.01, Harris et al., 2014) derived
precipitation (http://badc.nerc.ac.uk/data/cru/) using analysis of variance and other metrics (linear rates,
correlations, and cumulative departures). GPCC and CRU precipitation estimates over the Congo basin
during different climatological periods seem to be somewhat consistent with a range of correlation values
between 0.80 and 1.00 (Fig. 2a).

[Figure 3]

However, correlation values between GPCC and CRU fluctuated between 0.40 and 0.80 in the low elevation
areas of the Cuvette central (cf. Fig. 1b) during the period (Fig. 2a). The considerable change in correlation
values around the Cuvette central during the different climatological periods can be attributed to dynamics
in the availability of gauged stations. Further, the analysis of variance also confirms there is no signifi-
cant difference in the mean of these products in all climatological periods (Fig. 2b). The spatio-temporal
distribution of meteorological stations is expected to vary, especially in regions with poor investment in
meteorological stations. GPCC is still nonetheless, the largest gauge-observation data available globally
and has been found suitable in the characterization of agricultural and hydrological drought in the African
sub-regions, including the Congo basin (see, e.g., Ndehedehe et al., 2019, 2020; Agutu et al., 2017).

[Figure 4]
8.1.2. Spatio-temporal variations and trends in precipitation

The spatial distribution of annual and seasonal precipitation (1901-2013) based on seasonal rainfall clima-
tology of the region (March-May (MAM); June-August (JJA); September-November (SON); and December-
February (DJF)) indicate considerable rainfall in the southern and central sections of the basin in DJF and
SON periods, respectively (Fig. 3). Just for exploratory purposes, these seasonal distributions are considered
for the first and second halves of the century. There is significant amount of rainfall all through the year
in the Congo basin except in the JJA period for the south and DJF for the north (Fig. 3). In terms of
direct water availability from rainfall, these sections of the Congo basin, including the northern flank can be
described as the water tower of central Africa. The evidence of strong spatial distribution of mean monthly
and seasonal rainfall in the low elevation areas of the Cuvette central and the in-terconnectedness of multiple
stream networks attest to the Congo basin being a freshwater rich hydrological region (Figs. 3 and cf. Figs.
la-b). Furthermore, the MLRA and analysis of variance show that there is statistically significant change
in observed trends (F = 442. 7; p = 0. 000), annual (F' = 8. 85; p = 0. 000), and semi-annual (F =
4. 93; p = 0. 002) amplitudes of rainfall during different climatological periods (1901- 1930, 1931- 1960,
1961- 1990 and 1991- 2014) over the Congo basin (Figs. 4a-b). Consistent with Fig. 3, the southern section
of the Congo basin is characterized by strong annual amplitudes in rainfall while towards the east, there is



considerable mean semi-annual amplitude of rainfall (Fig. 4a).
[Figure 5]
[Figure 6]

The spatio-temporal variability of rainfall using the PCA technique was based on climatological classification
similar to Fig. 4. Based on the Bartlett’s test statistics (e.g., Snedecor and Cochran, 1989) more than five
significant modes explaining non-random variations in rainfall at 95% confidence level were identified. But
for purposes of physical interpretability, we focus on three of those rainfall modes. Leading rainfall modes
in the Congo basin are characterised by annual, multi-annual and short-term seasonal signals (Figs. 5a-b
and 6a-b). There is a strong dipole patterns in dominant mode where strong spatial patterns of rainfall on
the opposite side of the equator are notable (EOF-1, Figs. 5a-b and 6a-b). These spatial patterns show the
different wet seasons in the basin. From the time series associated with these spatial patterns, the wet season
(positive phase) in northern section coincides with the dry season (negative phase) of the southern region
(EOF-1/PC-1, Figs. 5a-b and 6a-b). The multi-annual signal, which corresponds to the bimodal rainfall
patterns and short-term seasonal signals are relatively stronger on the West and in regions encompassing
Congo, Equatorial Guinea, and Gabon (EOF-2 and EOF-3, Figs. 5a-b and 6a-b). Generally, there is
significant difference in the observed spatial loadings (averaged spatial distribution) of the first orthogonal
mode of rainfall over different climatology (EOF-1, Figs. 5a-b and 6a-b) and confirms the extensive impacts of
extreme and severe droughts, which affected more than 50% of the basin between 1901 and 1930 (Ndehedehe
et al., 2019). The total variability of the leading modes (annual variations) of rainfall increased during the
1931- 1960 (56.3%) and 1961- 1990 (57.3%) periods compared to the 1901- 1930 baseline period (51.3%). It
varied less between 1991 and 2014 (55.4%) as opposed to the two climatological periods between 1931 and
1990. Furthermore, the total variability in the multi-annual rainfall signals declined from 16.5% at the start
of the century (1901- 1930) to 13.6% in the 1991- 2014 period while the total variability accounted for by
other short-term meteorological signals oscillated between 4.0% and 2.7% during the entire period.

[Figure 7]
[Figure 8]

The MLRA of rainfall for each 30-year climatological window (Fig. 4) show that there are significant
differences (F' = 442. 7;p = 0. 000) in observed trends during these periods. However, multi-decadal
(e.g., 20 years) trends based on these window lengths were also explored as part of an overall assessment
of changes in rainfall in the basin. A further analysis on the spatial distribution of trends in annual (Fig.
7a) and maximum (Fig. 7b) rainfall confirms the strong increase in rainfall between 1960 and 1963 in the
south. Widespread negative trends in annual rainfall during the 1981-2000 and 2001-2013 periods around
the Democratic Republic of Congo and the Cuvette central (Fig. 7a) coincides with drought/dry episodes
already reported in the literature (Ndehedehe et al., 2019; Ndehedehe, 2019; Zhou et al., 2014). Additionally,
there is inconsistency in the distribution of spatial trends in annual and maximum rainfall (Figs. 7a-b). For
example, during the 1981-2000 period there was a widespread decrease in annual rainfall (Fig. 7a) compared
to the distribution of trends in maximum annual rainfall in the central Congo basin area (Fig. 7b).

[Table 1]
[Figure 9]
3.2. Rainfall vs river discharge

Similar to rainfall, observed river discharge was also statistically decomposed using the singular spectral
analysis. This approach is warranted because unlike rainfall, the discharge time series is a one column vector
unit and decomposing it similar to rainfall allows comparison between their leading modes. The temporal
patterns of the leading modes of rainfall and discharge were compared with one another (Figs. 8a-b). The
relationship between leading modes (PC-1) of rainfall and river discharge show marked fluctuations during
the entire period (1901-2010). The strongest linear correlation (r = 0. 71) was observed during 1991-2010



period while the lowest (r = 0. 59) was observed at the start of the century (1903- 1930). The other two
climatological periods show moderately strong correlations (r = 0. 68 and 0. 64 for the 1930-1960 and
1961-1990 periods, respectively). Maximum correlation between the second modes of rainfall and discharge
is also linear and strong but with a one-month phase lag. For example, the second modes of rainfall and
discharge during the 1903- 1930 (r = 0. 71)

and 1991-2010 (r = 0. 66) were found to be well associated at one-month lag. The total variability accounted
for by the two leading modes of rainfall and discharge are summarised in Table 1. The annual signal in GPCC
explains an average of 42.7% of variability in discharge while the multi-annual signal accounts for about 50%
at 1-month lag. During all climatological periods, temporal relationships between the first modes of rainfall
and discharge are moderately strong and significant (r = 0. 05). At the start of the century, more of the
variability in rainfall were rather consistent with those of discharge (92% and 96.7% total variability for
rainfall and discharge, respectively) as opposed to the 1990- 2010 period (91% and 98.3% total variability for
rainfall and discharge, respectively) when there was increased variability in discharge (Figs. 8a-b). Similar
to rainfall (Figs. ba-b and 6a-b), the variability in leading modes of discharge fluctuated during the century
(between 69% and 76%). This suggests that apart from rainfall, Congo river discharge is driven by other
factors, which may include the influence of human activities through deforestation and sand mining. While
the interaction and exchange of fluxes within wetlands could disturb the variability of the Congo river,
Conway et al. (2009) confirmed the dominant control of inter-annual and decadal rainfall variability in river
flows whilst acknowledging the key roles of human interventions. Notably, a significant proportion of changes
in the dominant discharge patterns is still not explained by those of rainfall. This information signals the
threshold of complex hydrological processes in the region, and perhaps suggest the influence of anthropogenic
contributions and strong multi-scale ocean-atmosphere phenomena as key secondary drivers of hydrologic
variability.

[Figure 10]
[Figure 11]

The inter-annual variations and cumulative departures of rainfall and discharge were also explored to un-
derstand their interactions in the Congo basin (Fig. 9). The inter-annual variations during the 1901- 2010
period was consistent and captures the wettest period (1960- 1970) in the basin (Fig. 9a). Their cumulative
departures are somewhat similar but show an apparent inconsistent trend during the 1930-1950 and post
1999- 2010 periods (Figs. 9b-c). Generally, there seems to be a change in the hydrological regimes of the
Congo river, (especially after 1994) owing to the rather pervasive influence of extreme droughts. This again
could be the aftermath of extreme droughts, which fluctuated between 50% (i.e., affected areas) in the early
years of the century and 40% during the 1994-2014 period (Ndehedehe et al., 2019). This change is reflected
in the observed temporal relationship between maximum rainfall and discharge (Figs. 10a-d). For example,
the rainfall-discharge relationship was stronger in 1961-1990 (r = 0. 77) and 1991-2010 (r = 0. 69) compared
with other climatological periods when correlations were weak (Figs. 10c and d). Moreover, the temporal
series associated with the ICA-localised spatial rainfall patterns over the Congo basin are correlated with
discharge (Fig. 11). As shown in the leading independent modes (Fig. 11), the discharge-rainfall relationship
is strongest at the extreme south (r = 0. 65) and north (r = 0. 64) of the basin. These sections of the basin
are characterised by considerable amplitudes in annual and seasonal rainfall (EOF-1, Figs. 5a-b, 6a-b and cf.
3). The relationship (rainfall and discharge) is also significant in other catchments where correlations of 0.56,
0.59 and 0.51 have been observed although temporal relationships of localised rainfall at the equator with
discharge are poor and insignificant (e = 0. 05). Given the trajectory of water inflow in the Congo basin, the
considerable association of rainfall with discharge implies that the wetland hydrology of the Cuvette central
is nourished mostly by rainfall, in addition to exchanges of fluxes in the floodplain wetlands.

4. Discussion and conclusion

The Congo basin is one of the most hydrologically active and pristine locations with limited understanding
of how precipitation changes impacts on stream flow dynamics and variations in catchment stores. This



poor understanding in the hydro-climatic processes of the basin is most often the results of gaps in hydro-
logical information and insufficient observational networks for hydrological applications (e.g., Ndehedehe,
2019; Tshimanga and Hughes, 2014; Conway et al., 2009). Due to limited hydro-meteorological observa-
tion network in the basin, Munzimi et al. (2015) mentioned that much is still unknown about the Congo
river basin’s hydrological behaviour. The comparative assessment of precipitation estimates from GPCC
and CRU data over the Congo basin was therefore undertaken to improve quantitative knowledge of Congo
basin precipitation and its influence on river discharge. There are still some ongoing debates regarding the
uncertainties and ambiguities in precipitation estimates from various products over the Congo basin. While
that is not the focus of this chapter, results indicate both products (GPCC and CRU) are generally consis-
tent with high correlation values and statistically insignificant difference in their means. However, the poor
association between

these data in the Congo Cuvette central during the period could suggest dynamics in the availability of
gauged stations. The GPCC is a widely used observational reference data unlike the CRU precipitation.
The distribution of gauges is expected to vary in time and space and the GPCC-based precipitation product
has more gauged observations available globally compared to the CRU-based precipitation.

The spatial distribution of rainfall in the Congo basin takes the form of a north—south dipole patterns. These
patterns result in wet and dry seasons with opposite phase in the south and north of the basin. That is, the
wet season in the south (December-February) coincides with dry season in the north and vice versa. The
dipole patterns are caused by the difference in seasons, the more reason why the northern section is wet
between May and October. The south on the other hand, remains relatively dry during the same period. The
dipoles and this alternating seasonal rainfall patterns have been attributed to the position of the Congo basin
across the equator (Munzimi et al., 2015). Be it trends, annual, or semi-annual amplitudes, rainfall during
different climatological periods (1901-1930, 1931-1960, 1961-1990 and 1991-2014) over the Congo basin has
undergone significant changes. These changes were also echoed by Samba and Nganga (2012) who reported
on considerable declines in Congo rainfall between 1980 and 1990. The surrounding oceans, especially the
Indian Ocean have been identified as an important source of observed precipitation experienced in wet years
in the Congo basin (Dyer et al., 2017). Generally, the Congo basin and much of central Africa are hydrologic
hotspots or web of climatic influence. For instance, the SST anomalies along the Benguela Coast, and
warming or cooling of the three oceans (Atlantic, Indian, and Pacific) and indices of oceanic variability have
been identified as key factors that govern the complex changes in precipitation patterns over West Central
Africa (e.g., Ndehedehe et al., 2019; Balas et al., 2007).

As opposed to West Africa where 3-4 significant modes of rainfall variability have been identified (e.g.,
Ndehedehe et al., 2016a; Sanogo et al., 2015), there are actually more than five statistically significant modes
of orthogonal rainfall modes of variability over the Congo basin. Physical interpretation and attribution could
be challenging for some of these modes. However, we found that rainfall in the Congo basin is characterised
by annual, multi-annual (or bimodal), trends, short term seasonal signals and those resulting from regional
factors and atmospheric-ocean interactions and large-scale processes. Locally generated moisture and the
interactions of the nearby oceans (Sori et al., 2017; Dyer et al., 2017) with land surface processes in the
basin could also contribute to the magnitude of seasonal variations observed in the Congo rainfall. Sorf et al.
(2017) argued that the various sources of moisture for the Congo basin makes nourishment possible during
extreme climate events (e.g., flood) thus modulating water balance within the region. On the one hand, this
could be the reason for significant amount of rainfall in the Congo basin all through the year except during
the June-July period in the southern catchment. On the other hand, the observed multiple significant modes
of the Congo basin rainfall can be attributed to signals emanating from the combined influence of climate,
natural

variability, ocean interactions and the influence of land surface processes. As an example of the influence of
land surface conditions on Congo precipitation, locally generated heat low and reduced precipitation were
identified as the direct consequence of decreased evaporation over deforested area in Central Africa (Noghe-
rotto et al., 2013). Arguably, this reassert the important role of land surface processes in the Congo basin



(Koster et al., 2004). In this era of anthropogenic-induced climate change, the skills of global and regional
climate models in reproducing the Congo basin climatology (spatial patterns, seasonality, and magnitude
of precipitation) could be restricted due to uncertainties (Aloysius et al., 2016). However, the question of
how the interactions of increasing anthropogenic pressure on the Congo forest and important processes of
inter-annual variability impact surface water hydrology are therefore interesting future research directions.

So, has rainfall amounts varied comparatively less across the Congo basin despite known variations in the
Congo river flow? In the analysis of historical space-time variability of rainfall (1901- 2014) over the Congo
basin we found that previous rainfall (1931- 1990) varied more compared to the 1991-2014 period. As opposed
to the two climatological periods between 1931 and 1990, rainfall varied less between 1991 and 2014. It is
not clear if the time slice during this last climatological period contributed to this as it was not up to 30
years. However, there were more dry spells and drought events during this period (1991 and 2014) in the
Congo basin compared to the last two climatological periods prior to 1991 (Ndehedehe et al., 2019; Hua et
al., 2016). The strong positive anomalies of rainfall in extreme wet years are usually captured in the annual
component and show strong spatial distributions (loadings) in the northern and southern sections. Although
the analysis for the latter climatological period used only 23 years (1991-2014), the spatial distribution and
amplitudes of rainfall is consistent and similar to other periods with relatively higher modes of variability.
Generally, there seems to be a shift in the hydrological regimes of the Congo river, (especially after 1994). This
change can be attributed to the rather pervasive influence of extreme droughts, which fluctuated between
50% (i.e., affected areas) in the early years of the century and 40% during the 1994-2014 period (Ndehedehe
et al., 2019). To further support this argument, the rainfall analysis by Samba and Nganga (2012) in Congo-
Brazzaville (Congo) during 1932-2007 period indicates that the largest rainfall deficits were observed in the
1980s and 1990s. And since 1985, Zhou et al. (2014) observed a consistent drying of the Congolese forest,
which was attributed to gradual decline in precipitation. The change in rainfall trajectory in the post 1994
period is consistent with observed drought and drying in the region. In view of inconsistent trends between
rainfall and discharge as evidenced in their cumulative departures, this suggests other key secondary drivers
of hydrologic variability that are non-climatic exist in the basin.

The considerable association of discharge with rainfall in catchments characterised by strong annual and
seasonal amplitudes in rainfall implies that the wetland hydrology of the basin is largely nourished by
rainfall, in addition to possible exchange of fluxes within the Congo floodplain wetlands. Notably, a significant
proportion of changes in the dominant rainfall patterns is still not explained by those of river discharge.
This information signals the threshold of complex hydrological processes in the region. Importantly, it also
suggests the influence of anthropogenic contributions (e.g., deforestation, changes in land cover states, surface
water developments, etc.) and strong multi-scale ocean-atmosphere phenomena as key secondary drivers of
hydrologic variability. Ultimately, it is obvious nonetheless, that several African regions have been identified
as a hot spot with considerable influence of several climate teleconnections (e.g., El-Nino Southern Oscillation
and Atlantic Multi-decadal Oscillation, Indian Ocean Dipole, etc.). Given the impacts of these multi-scaled
climate indices

on rainfall variability and extreme climatic events (droughts and floods) in Africa (see, e.g., Ndehedehe et
al., 2020; Gizaw and Gan, 2017; Diatta and Fink, 2014; Paeth et al., 2012), the combined influence of climate
and human activities on hydrological variability is thus palpable and multi-faceted.
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Figure 1: Study region showing the Congo basin. The Congo river and its numerous tributaries (i.e., blue
lines on the left) are also indicated. (a) The aerial averaged monthly rainfall (mm), (b) topographic map of
the Congo basin adapted from https://commons.wikimedia.org/wiki/File:Congo_Kinshasa_Topography.png,
and (c) the location of the Congo basin in Africa. The blue lines and polygons in (b) are the river networks
and water bodies in the Congo basin.
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Figure 2: Relationship between GPCC and CRU-based precipitation over the Congo basin during different
climatology. (a) Spatial distribution of correlation coefficients (r ) and (b) analysis of variance (temporal
patterns) between GPCC and CRU.
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Figure 3: Spatial distribution of GPCC-based precipitation (mm) over the Congo basin during the 1901- 1960
and 1961-2013 periods. The seasonal precipitation (March-May (MAM); June-August (JJA); September-
November (SON); and December- February (DJF)) are classified based on the rainfall climatology of the
region and is adapted with full permission from Ndehedehe et al. (2019).
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Figure 4: Analysis of (a) trends (mm/yr) and harmonic components (mean annual and semi-annual ampli-
tudes) of rainfall (mm) based on the multiple linear regression (MLRA) technique and (b) their (trend, annual
and semi-annual amplitudes) corresponding means over different climatology using analysis of variance.
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Figure 5: Spatial and temporal variability in the Congo basin rainfall (mm). The average spatial distributions
of rainfall (top panels) and their corresponding temporal patterns (bottom panels) are indicated for different
climatological periods (30-year interval). (a) Changes in the Congo precipitation during the (a) 1901-1930
and (b) 1931-1960. Spatial (EOF) and temporal (PCs) patterns are jointly interpreted. The total variability
accounted for by each orthogonal modes of rainfall are expressed in percentages while the y-axes of the PCs
are in standardised units.
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(a) Congo basin precipitation (1961-1990)
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Figure 6: Spatial and temporal variability in the Congo basin rainfall (mm) similar to Fig. 5. (a) Changes
in the Congo precipitation during the (a) 1961- 1990 and (b) 1991- 2014. The total variability accounted
for by each orthogonal modes of rainfall are expressed in percentages while the y-axes of the PCs are in
standardised units.
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Figure 7: Spatial distribution of trends (mm/yr) in (a) annual and (b) maximum annual rainfall (mm) over
the Congo basin. Estimated rainfall trends are based on 20 years interval except for the 1960- 1963 and
2001- 2013 periods.
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Figure 8: Dominant modes of river discharge time series of the Congo river between 1903 and 2010. The
leading

modes (i.e., the annual variations and multi-annual variations) of river discharge are compared with those of

precipitation. The time series of river discharge are the reconstructed expansion coefficients.

10°
a0 @), : : : : 2
GPCC-rainfall —— River discharge
Q)
= o
E 200 E
£ o
Q 2
o 2
¢ 0 8
(=]
200 . . . . . . . . 4
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
b 10° c x10%
2000 (b) s 2000 © 3 @
—— GPCC-rainfall ——River discharge s 'E' ——GPCC-rainfall —— River discharge "’E
w £ <
— o = ]
E 1000 “E o 1000 o B
£ == 0 ©
= s & 8
g 2o :
[ £ 3 o 5 8
(] 2 5 °
a = e
£ $
1000 x -1000 10 i
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

Figure 9: Inter-annual variations and cumulative departures of rainfall and discharge. (a) The temporal
variations of rainfall and discharge anomalies, (b) the cumulative departures of rainfall and discharge, and
(¢c) the cumulative departures of rainfall and discharge after applying the local least-squares polynomial
approximation-based filter of Savitzky and Golay (1964) to smoothen out the effects of low frequency noise.
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Figure 10: Temporal relationship between rainfall and discharge during the 1903-2010. This relationship is
based on (a-d) maximum rainfall and discharge during different climatological windows.
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Figure 11: Localised rainfall (mm) over the Congo basin (1991- 2010). The independent patterns (i.e.,
temporal patterns associated with this localized spatial maps) of rainfall from the ICA decomposition were
compared with time series of river discharge.

Table 1: Percentages (%) of observed variance explained by leading rainfall and river discharge orthogonal
modes during different climatological periods in the last century (1901-2010).

Variable Modes 1901-1930 1931-1960 1961-1990 1991-2010

Rainfall PC-1 59.1 62.3 63.2 60.2
PC-2 32.8 31.7 31.9 31.0
Discharge PC-1 69.3 69.6 76.1 75.5
PC-2 274 27.2 214 22.8
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Abstract

The Congo basin is one of the most hydrologically active and pristine locations with limited
understanding of how precipitation changes impacts on stream flow dynamics and variations in
catchment stores. Given that the basin is among the three prominent convective regions that
dominates global rainfall climatology during transition seasons, historical space-time variability of
rainfall (1901-2014) over the basin in relation to river discharge is analysed in order to understand
significant hydro-climatic shift. Based on advance multivariate analyses, the total variability of the
leading modes (annual variations) of rainfall increased during the 1931-1960 (56.3%) and 1961-1990
(57.3%) periods compared to the 1901-1930 baseline period (51.3%). It varied less between 1991
and 2014 (55.4%) as opposed to the two climatological periods between 1931 and 1990.
Furthermore, the total variability in the multi-annual rainfall signals declined from 16.5% at the start
of the century (1901-1930) to 13.6% in the 1991-2014 period while the total variability accounted for
by other short-term meteorological signals oscillated between 4.0% and 2.7% during the entire
period. Between 1995 and 2010 there seems to be a change in the hydrological regimes of the
Congo river as the cumulative departures of rainfall and discharge were in opposite directions. The
considerable association of discharge with rainfall in catchments characterised by strong annual and
seasonal amplitudes in rainfall implies that the wetland hydrology of the basin is largely nourished
by rainfall, in addition

to possible exchange of fluxes within the Congo floodplain wetlands. Notably, a significant
proportion of changes in the dominant rainfall patterns is still not explained by those of river
discharge. This information signals the threshold of complex hydrological processes in the region,
and perhaps suggest the influence of anthropogenic contributions (e.g., deforestation) and strong
multi-scale ocean-atmosphere phenomena as key secondary drivers of hydrologic variability.
Keywords: Climate variability, drought, rainfall, floodplain, river discharge, flood

1. Introduction

Rainfall is a major source of freshwater availability for the functioning of ecosystems and
sustainability of both hydrological and agricultural systems. Indeed, rainfall is an important aspect of
the hydrological cycle that shows an increasing acceleration owing to climate change. As the climate
warms, the hydrological cycle accelerates, causing an increase in the spatiotemporal variability of
precipitation and also in the duration and intensity of extreme events such as droughts, storms, and
floods (e.g., Ndehedehe, 2019). The need to assess the response of surface water hydrology to
changes in climate is therefore crucial.

The rise in extreme events, especially drought frequency, duration and severity across several
African domain in recent times (see, e.g., Ndehedehe et al., 2019; Haile et al., 2019; Mpelasoka et
al.,, 2018; Agutu et al., 2017; Ndehedehe et al., 2016b,c; Hua et al., 2016; AghaKouchak, 2015;
Shiferaw et al., 2014; Zhou et al., 2014) are strong indications of climatic disturbance and perhaps
the increasing vulnerabilities of the African sub-region to the impacts of extreme climatic conditions.
These extreme drought events have been the direct result of prolonged limited or below average
rainfall. Among other factors, they have been attributed mostly to the perturbations of the
surrounding oceans, natural variability, important processes of oceanic variability and human



actions, e.g., land use change, deforestation, among others (e.g., Haile et al., 2019; Ndehedehe,
2019; Nicholson et al., 2018; Andam-Akorful et al., 2017; Ndehedehe et al., 2016¢,b; Epule et al.,
2014). Based on regional climate model simulation, deforestation in the Congo basin, for example,
will locally produce a heat low and lead to reduced precipitation (Nogherotto et al., 2013). Assessing
evolutionary changes in rainfall patterns is therefore essential to improve knowledge on the
interactions between climate systems and globally significant hydro-ecological domains such as the
Congo basin.

The critical hydrological features of the Congo basin make it one of those globally significant
domains given it key roles in global climate and the huge ecosystem services it provides on mutli-
scales (e.g., Ndehedehe et al., 2018; Bell et al., 2015; Verhegghen et al., 2012; Washington et al.,
2013). For example, the sensitivity of climate to the loss of the Congo basin rainforest and other
ecological disturbance through extensive land cover change and human interaction with the
ecosystem is well known (e.g., Bell et al.,, 2015; Malhi et al.,, 2013; Verhegghen et al., 2012).
Numerical simulations from climate models have demonstrated the importance of the Congo forest
to its local hydrology. For instance, the study by Bell et al. (2015) show that deforestation in the
Congo basin results in increase albedo and will lead to cooler and drier climate conditions over the
entire basin. They noted that the absolute depletion of the Congo basin forest will decrease rainfall
by 42% in the western part with a slight increase of 10% in the basin’s eastern section. This
ecological disturbance of the African rainforest biome could have implications on regional hydrology,
especially modulating local rainfall regimes. In fact, it is argued that more than 50% of the total
atmospheric moisture contribution to local precipitation emanates from within the Congo basin (Sori
et al., 2017). Furthermore, the Indian

Ocean and evaporation from the Congo basin are perceived as important moisture sources for the
basin. Dyer et al. (2017) argued that the Indian Ocean contributes about 21% of the moisture while
25% of the moisture is recycled within the Congo Basin. They also noted that much of the wet
season Congo basin rainfall was derived from the Indian Ocean moisture, stressing the need to
understand links between circulation patterns over the Indian Ocean and the local circulation over
the basin to aid the optimisation of future climate projections.

The Congo basin (Figs. 1a-c) is one of the most hydrologically active and pristine locations in the
world with limited understanding of how precipitation changes impact on stream flow dynamics and
variations in catchment stores. Although rainfall variability in different climatic zones of Congo-
Brazzaville over the common period 1932-2007 has been studied (Samba and Nganga, 2012), limited
and lack of complete and/or continuous observational data is a key challenge to quantitative
assessment and characterization of the Congo river basin hydrology (Munzimi et al., 2015; Conway
et al., 2009). This was the basis for assessing the performance of satellite precipitation in the
Democratic Republic of Congo (Munzimi et al., 2015) and several other studies that relied on multi-
satellite and global reanalysis data to aid the characterization of surface water hydrology, hydro-
climatic, and land surface conditions in the region (see, e.g., Ndehedehe et al., 2018, 2019; Zhou et
al.,, 2014; Lee et al., 2011, 2014; Nogherotto et al., 2013; Asefi-Najafabady and Saatchi, 2013;
O’Loughlin et al., 2013; Conway et al., 2009; Crowley et al., 2006).

While simulating discharge of the Congo River is challenging (Santini and Caporaso, 2018), semi-
distributed rainfall-runoff models have been employed to understand processes of runoff generation
and study the impacts of climate and human actions on water resources availability (e.g., Tshimanga
and Hughes, 2014). However, the response of the Congo river to historical changes in rainfall
patterns over different climatological periods (1903-2010) is not well known. Apart from the lack of
sufficient gauge data for hydrological applications, Tshimanga and Hughes (2014) also argued that
the complexity of natural processes limits our understanding of surface water hydrology. The
connection between Congo spring discharge and Gulf of Guinea SST (Materia et al., 2012) and the



coupled interactions of the nearby oceans with precipitation patterns, provide important
considerations for the rainfall-discharge relationship over the Congo basin. A key hypothesis this
study aims to address is that ‘despite known variations in the discharges of the Congo river, previous
rainfall amounts have varied comparatively less across the Congo basin’. This important hypothesis
requires an assessment of the historical relationship of changes in river discharge with those of
precipitation. In light of the proposed water transfer from the Congo basin to nourish the Lake Chad
(see, e.g., Ndehedehe et al., 2016b; Lemoalle et al., 2012), understanding key hydrological metrics
related to rainfall-runoff relationship are important issues to be considered. In addition to
environmental impact assessments of this project on the donor basin, addressing technological and
socio-cultural constraints that may impede the actualization of this project are also crucial.
Ultimately, the knowledge of evolutionary patterns of river flow and potential socio-hydrological
problems that could be linked to climate change can be used to improve diplomacy and regional
cooperation by stake holders and riparian countries of both river basins to adapt and seek for
innovative solutions on this project.

Given that the basin is among the three prominent convective regions that dominates global rainfall
climatology during transition seasons (e.g., Washington et al., 2013), historical space-time variability
of rainfall (1901-2014) over the basin in relation to river discharge is analysed in order to understand
significant hydro-climatic shift. As we still know little about the nature of climate and anthropogenic
influence on the basin, outcomes from model simulation studies, though largely contrasting (e.g.,
White and Toumi, 2014; Materia et al., 2012), are insufficient, warranting more research. In fact, the
skills of several global climate models to simulate historical precipitation over central Africa is
considerably limited (Aloysius et al., 2016). Hence, assessing the unique interactions between rainfall
and discharge during the last century is essential to improve our understanding of the likely threats
of climate change on hydro-ecological assets and freshwater of the Congo basin.

JFigure 1]

2. Materials and method

2.1. Precipitation

The Global Precipitation Climatology Centre (GPCC, Schneider et al., 2014; Becker et al., 2013) was
used to assess the spatial and temporal patterns of rainfall over the Congo basin. The data provides
reliable monthly gridded data sets of global land-surface precipitation at 0.5° x 0.5¢, covers the
period from 1901 to 2014, and can be downloaded from the GPCC data portal
(www.ftp.dwd.de/pub/data/gpcc/html/downloadgate.html). The updated CRU precipitation data
(Harris et al., 2014) was also used in this study. This version of the data (CRU TS3.10) includes the
number of stations used in the interpolation, thus allowing an objective determination of the
reliability of values. Apparently, the two datasets go back as far as 1901 and we acknowledge the
limitations of GPCC gauge distribution over the Congo basin, which may not be as dense as other
tropical regions. However, the GPCC has more gauge locations than CRU over the region. Given that
this study is over the entire Congo basin region (about 3.7 million km2), the spatial resolution of 0.5
is suitable in resolving the sources of variability in the Congo region. Also, the error variance in GPCC
and CRU is significantly less compared to satellite products (Ndehedehe et al., 2019). We used the
GPCC data in all our analysis because of its reliability and as it is the most commonly used product
with more ground observations from stations worldwide in the validation of global precipitation data
sets. But a key limitation of the CRU data as highlighted by its data providers is uncertainties and
unreliability in estimated trends. Overall, the uncertainties and ambiguities surrounding the Congo
precipitation is still an ongoing discussion and it is open to further conversation in future studies.

2.2. River discharge



The river discharge used in this study was obtained from the GRDC (Global Runoff Data Centre)
archive (www.bafg.de/GRDC). The gauge station at the Congo Kinshasa station was used to study
hydrological response of the Congo river to rainfall conditions. GRDC has several discontinuous and
abandoned gauges distributed across the basin, however, the gauge at the Congo river in Kinshasa
station has complete historical data (190322010) with no gaps. Because of its numerous discharges
from tributaries that originates from Eastern Africa, this hydrological station is one of the most
significant in the basin. Also, this gauge station showed considerable strong amplitude in monthly
discharge and explained considerable multi-annual changes (more than 80% of variability) in the
GRACE-hydrological signal of the Congo basin Ndehedehe et al. (2018). It is therefore logical to
conclude that the discharge at Kinshasa station encapsulates most of the flows within the basin.
Moreover, our analyses of observed relationship of discharge with rainfall were based on the
common period for which both data are available.

2.3. Evolutionary patterns of rainfall and discharge

Three different multivariate methods were employed to analyse the spatial and temporal patterns of
rainfall and discharge. First, the principal component analysis (PCA, e.g., Jolliffe, 2002) was used to
decompose time series of GPCC-based precipitation into spatial and temporal patterns. PCA is an
important tool to assess the spatio-temporal variability of continuous climate data such as rainfall
due to its simplicity and capability to isolate both inter-annual signals, and long-term periodic
variations (Ndehedehe et al., 2016a). The method reduces the dimensions of multivariate data by
creating new variables that are linear functions of the original variables. Significant modes of
variability for each climatological period (1901-2014) were assessed based on the statistical rotation
of PCA. To understand the spatio-temporal variability of rainfall during each climatological period
with a 30-year window, rainfall grids for each window were decomposed using this technique. This
window allows a

reasonable conclusion of climate change or climate variability impacts on rainfall and river discharge,
especially whether the latter has changed significantly in response to the former. The singular
spectrum analysis (SSA, Ghil et al., 2002) was employed to decompose monthly river discharge
through a singular value decomposition (SVD) of the lagged covariance matrices. The reconstructed
discharge time series (i.e., matrix of reconstructed principal components of discharge) obtained from
the SSA scheme were compared with the leading temporal patterns of PCA-derived rainfall using
correlation and regression analyses (next sections) for the common period. Second, to assess the
relationship between local rainfall and discharge, rainfall was further localised over the Congo basin
using the independent component analysis (ICA, e.g., Cardoso, 1999; Cardoso and Souloumiac,
1993). The ICA method employed here is based on the JADE (Joint Approximate Diagonalisation of
Eigen matrices) algorithm, which exploits the fourth order cumulants of the data matrix and is fully
detailed in Cardoso and Souloumiac (1993). Several applications of PCA and ICA methods in droughts
and hydro-climatic studies and localization of groundwater signals have been documented (e.g.,
Agutu et al., 2017, 2019; Montazerolghaem et al., 2016; Ndehedehe et al., 2016b, 2017; Sanogo et
al., 2015). The temporal variations of rainfall associated with the localised spatial patterns were
correlated with

discharge to determine the influence of local rainfall on discharge. Using the ICA method, rainfall
grids were localised as:

XGPCC(X:th):TS;(l)

where (x, y), and t are grid locations and time steps (months), respectively. T is the temporal
patterns and is unit-less since it has been normalised using its standard deviation while the spatial
patterns S associated with T have been scaled using the standard deviation of its temporal patterns.
T and S are interpreted together and integrated to form what is traditionally called the ICA mode of
variability (e.g., Ndehedehe et al., 2017).



2.4. Multi-linear regression analysis

The MLRA (multi-linear regression analysis), a statistical technique used to model the relationships
between a dependent variable and one or more independent variables was used to characterize,
trends, annual and semi-annual amplitudes in rainfall. It uses a least square approach and has been
widely applied in hydrology and climate science to explain the possible relationships between key
variables (see, e.g., Ndehedehe et al., 2016a; Rieser et al., 2010). The focus here is to separate the
harmonic components (mean annual and semi-annual amplitudes) of rainfall over different 30-year
climatological periods (1901-2014) and then compare whether they are statistically different or have
different means using analysis of variance (ANOVA). ANOVA is a prominent statistical method that is
employed to assesses if the means of two or more groups (in our case, trends, mean annual and
semi-annual rainfall patterns from each climatological period) are significantly different from each
other. In the MLRA technique, the trends and harmonic components (mean annual and semi-annual
amplitudes) for each climatological period (1901-1930; 1931-1960; 1961-1990; 1991-2010) were
compartmentalised from the precipitation time series (P) through parameterizations as (e.g.,
Ndehedehe and Ferreira, 2020; Rieser et al., 2010),

P (I, k, t) =B, + B,t + B,sin(2mt) + B,cos(2mt) + B,sin(4rt) + B,cos(4mt) + (t); (2)

where (I; k) are the grid locations, t is the time component, B, is the constant offset, B, is the linear
trend, B, and B, account for the annual signal, B, and B, represent the semi-annual signal, while £(t)
is the random error term. The amplitudes of rainfall (i.e., mean annual and semi-annual) over the
region are then estimated as,

AnnualZ{(BZ)ZHﬁB)ZF and Semi Annual =1, [(ﬁ4]2+(ﬁ5)215 (3)

2.5. Linear rates, correlations, and cumulative departures

A non-parametric method such as the Sen’s slope (Sen, 1968) estimator was used to estimate the
linear rates in rainfall since it is robust and resistant to outliers. Sen slope (S,) is the median overall
values of the whole data and is estimated as,

JYi

J—1

S, =Median ,for(1<i<j<n|4

where Y, and Y, represents data values at time j and i (j > i), respectively while n is the number of
data. The slope can be positive indicating increasing trend or negative, indicating decreasing trend.
Trend analysis for precipitation grids used a 20-year window different from the MLRA of GPCC-based
precipitation (Section 2.4), which focused on trends based on 30-year climatological windows.
Detecting changes in rainfall in a relatively short window is crucial for better understanding of
significant climate trends and developing adaptation and mitigation measures at a regional and local
scale. Given that the assessment of linear rates in rainfall is a key aspect of long-term water resource
evaluations strategy, cumulative rainfall departure (Weber and Stewart, 2004) was estimated. The
concept of cumulative rainfall departures (Weber and Stewart, 2004) was also applied to estimate
cumulative departures of river discharge. Generally, cumulative departures are useful when
employed as a general indicator of rainfall/discharge trends, with the upward and downward
gradient indicating relatively a rise and decline in rainfall, respectively (e.g., Ndehedehe et al., 2017).
Cumulative departures were both employed to evaluate trends in river discharge against those of
rainfall. All temporal relationships between rainfall and discharge were based on the Pearson’s



correlation coefficient and are deemed significant at a = 0.05. Although it was not the main stay of
this study, the

grid based comparison of GPCC and CRU precipitation data was also undertaken. Using correlation
and ANOVA in this regard provided a bit of perspective as to the inherent differences and similarities
between the widely used GPCC observational reference and the CRU data over the region.

3. Results

3.1. Historical changes in precipitation patterns over the Congo basin

3.1.1. GPCC vs CRU based precipitation estimates

The Congo basin precipitation estimates and its uncertainties are important issues that sometimes
results in polarized debates and divergent opinions amongst climate researchers who have worked
in the region (Ndehedehe et al., 2019). The challenging terrain, environmental conditions, and
limited gauge observations in the Congo basin are some reasons for the poor understanding of
precipitation estimates. Although time constraints (i.e., availability of historical observations) was a
deciding factor in our choice of precipitation, as earlier mentioned (Section 2.1), the error variance in
GPCC and CRU is significantly less compared to satellite products. Apart from disturbance of
ecological assets and alteration to the Congo forest through prolonged drought and deforestation,
the influence of topography on the Central African hydrology and its neighbouring East African
countries cannot be overlooked. As with the influence of topographical variability and gauge density
on precipitation products in the surrounding East African countries (Agutu et al., 2020), the Rift
valley highlands in East Africa was earlier identified as an important driver of considerable anomaly
in precipitation over the Congo basin (Bell et al., 2015). But the availability of in situ data to improve
process-based knowledge on these drivers and monitor these conditions, including land surface
conditions, local water recycling activity and contributions from oceanic hot spots is an issue for the
Congo basin. It is true that a history of hydrological measurement exists in the Congo basin (Alsdorf
et al., 2016).

[Figure 2]

However, the decline and significant gaps in gauge measurement, coupled with the unavailability of
historical meteorological data for research are key constraints that limits knowledge in the Congo
basin. Hence, the intricacies surrounding precipitation distribution over the Congo basin was
therefore assessed by comparing two observational reference gauged precipitation products, the
Global Precipitation Climatology Centre (GPCC, Schneider et al., 2014) and Climate Research Unit
(CRU TS4.01, Harris et al., 2014) derived precipitation (http://badc.nerc.ac.uk/data/cru/) using
analysis of variance and other metrics (linear rates, correlations, and cumulative departures). GPCC
and CRU precipitation estimates over the Congo basin during different climatological periods seem
to be somewhat consistent with a range of correlation values between 0.80 and 1.00 (Fig. 2a).

[Figure 3]

However, correlation values between GPCC and CRU fluctuated between 0.40 and 0.80 in the low
elevation areas of the Cuvette central (cf. Fig. 1b) during the period (Fig. 2a). The considerable
change in correlation values around the Cuvette central during the different climatological periods
can be attributed to dynamics in the availability of gauged stations. Further, the analysis of variance
also confirms there is no significant difference in the mean of these products in all climatological
periods (Fig. 2b). The spatio-temporal distribution of meteorological stations is expected to vary,
especially in regions with poor investment in meteorological stations. GPCC is still nonetheless, the
largest gauge-observation data available globally and has been found suitable in the characterization
of agricultural and hydrological drought in the African sub-regions, including the Congo basin (see,
e.g., Ndehedehe et al., 2019, 2020; Agutu et al., 2017).

[Figure 4]



3.1.2. Spatio-temporal variations and trends in precipitation

The spatial distribution of annual and seasonal precipitation (1901-2013) based on seasonal rainfall
climatology of the region (March-May (MAM); June-August (JJA); September-November (SON); and
December- February (DJF)) indicate considerable rainfall in the southern and central sections of the
basin in DJF and SON periods, respectively (Fig. 3). Just for exploratory purposes, these seasonal
distributions are considered for the first and second halves of the century. There is significant
amount of rainfall all through the year in the Congo basin except in the JJA period for the south and
DJF for the north (Fig. 3). In terms of direct water availability from rainfall, these sections of the
Congo basin, including the northern flank can be described as the water tower of central Africa. The
evidence of strong spatial distribution of mean monthly and seasonal rainfall in the low elevation
areas of the Cuvette central and the in-terconnectedness of multiple stream networks attest to the
Congo basin being a freshwater rich hydrological region (Figs. 3 and cf. Figs. 1a-b). Furthermore, the
MLRA and analysis of variance show that there is statistically significant change in observed trends ( F
=442.7; p = 0.000), annual (F = 8.85; p = 0.000), and semi-annual (F = 4.93; p = 0.002) amplitudes of
rainfall during different climatological periods (1901-1930, 1931-1960, 1961-1990 and 1991-2014)
over the Congo basin (Figs. 4a-b). Consistent with Fig. 3, the southern section of the Congo basin is
characterized by strong annual amplitudes in rainfall while towards the east, there is considerable
mean semi-annual amplitude of rainfall (Fig. 4a).

[Figure 5]
[Figure 6]

The spatio-temporal variability of rainfall using the PCA technique was based on climatological
classification similar to Fig. 4. Based on the Bartlett’s test statistics (e.g., Snedecor and Cochran,
1989) more than five significant modes explaining non-random variations in rainfall at 95%
confidence level were identified. But for purposes of physical interpretability, we focus on three of
those rainfall modes. Leading rainfall modes in the Congo basin are characterised by annual, multi-
annual and short-term seasonal signals (Figs. 5a-b and 6éa-b). There is a strong dipole patterns in
dominant mode where strong spatial patterns of rainfall on the opposite side of the equator are
notable (EOF-1, Figs. 5a-b and 6éa-b). These spatial patterns show the different wet seasons in the
basin. From the time series associated with these spatial patterns, the wet season (positive phase) in
northern section coincides with the dry season (negative phase) of the southern region (EOF-1/PC-1,
Figs. 5a-b and 6a-b). The multi-annual signal, which corresponds to the bimodal rainfall patterns and
short-term seasonal signals are relatively stronger on the West and in regions encompassing Congo,
Equatorial Guinea, and Gabon (EOF-2 and EOF-3, Figs. 5a-b and 6a-b). Generally, there is significant
difference in the observed spatial loadings (averaged spatial distribution) of the first orthogonal
mode of rainfall over different climatology (EOF-1, Figs. 5a-b and 6a-b) and confirms the extensive
impacts of extreme and severe droughts, which affected more than 50% of the basin between 1901
and 1930 (Ndehedehe et al., 2019). The total variability of the leading modes (annual variations) of
rainfall increased during the 1931-1960 (56.3%) and 1961-1990 (57.3%) periods compared to the
1901-1930 baseline period (51.3%). It varied less between 1991 and 2014 (55.4%) as opposed to the
two climatological periods between 1931 and 1990. Furthermore, the total variability in the multi-
annual rainfall signals declined from 16.5% at the start of the century (1901-1930) to 13.6% in the
1991-2014 period while the total variability accounted for by other short-term meteorological
signals oscillated between 4.0% and 2.7% during the entire period.

[Figure 7]

[Figure 8]

The MLRA of rainfall for each 30-year climatological window (Fig. 4) show that there are significant
differences (F = 442.7; p = 0.000) in observed trends during these periods. However, multi-decadal
(e.g., 20 years) trends based on these window lengths were also explored as part of an overall
assessment of changes in rainfall in the basin. A further analysis on the spatial distribution of trends
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in annual (Fig. 7a) and maximum (Fig. 7b) rainfall confirms the strong increase in rainfall between
1960 and 1963 in the south. Widespread negative trends in annual rainfall during the 1981-2000 and
2001-2013 periods around the Democratic Republic of Congo and the Cuvette central (Fig. 7a)
coincides with drought/dry episodes already reported in the literature (Ndehedehe et al., 2019;
Ndehedehe, 2019; Zhou et al., 2014). Additionally, there is inconsistency in the distribution of spatial
trends in annual and maximum rainfall (Figs. 7a-b). For example, during the 1981-2000 period there
was a widespread decrease in annual rainfall (Fig. 7a) compared to the distribution of trends in
maximum annual rainfall in the central Congo basin area (Fig. 7b).

[Table 1]

[Figure 9]

3.2. Rainfall vs river discharge

Similar to rainfall, observed river discharge was also statistically decomposed using the singular
spectral analysis. This approach is warranted because unlike rainfall, the discharge time series is a
one column vector unit and decomposing it similar to rainfall allows comparison between their
leading modes. The temporal patterns of the leading modes of rainfall and discharge were compared
with one another (Figs. 8a-b). The relationship between leading modes (PC-1) of rainfall and river
discharge show marked fluctuations during the entire period (1901-2010). The strongest linear
correlation (r = 0.71) was observed during 1991-2010 period while the lowest (r = 0.59) was
observed at the start of the century (1903-1930). The other two climatological periods show
moderately strong correlations (r = 0.68 and 0.64 for the 1930-1960 and 1961-1990 periods,
respectively). Maximum correlation between the second modes of rainfall and discharge is also
linear and strong but with a one-month phase lag. For example, the second modes of rainfall and
discharge during the 1903-1930 (r = 0.71)

and 1991-2010 (r = 0.66) were found to be well associated at one-month lag. The total variability
accounted for by the two leading modes of rainfall and discharge are summarised in Table 1. The
annual signal in GPCC explains an average of 42.7% of variability in discharge while the multi-annual
signal accounts for about 50% at 1-month lag. During all climatological periods, temporal
relationships between the first modes of rainfall and discharge are moderately strong and significant
(r = 0.05). At the start of the century, more of the variability in rainfall were rather consistent with
those of discharge (92% and 96.7% total variability for rainfall and discharge, respectively) as
opposed to the 1990-2010 period (91% and 98.3% total variability for rainfall and discharge,
respectively) when there was increased variability in discharge (Figs. 8a-b). Similar to rainfall (Figs.
5a-b and 6a-b), the variability in leading modes of discharge fluctuated during the century (between
69% and 76%). This suggests that apart from rainfall, Congo river discharge is driven by other factors,
which may include the influence of human activities through deforestation and sand mining. While
the interaction and exchange of fluxes within wetlands could disturb the variability of the Congo
river, Conway et al. (2009) confirmed the dominant control of inter-annual and decadal rainfall
variability in river flows whilst acknowledging the key roles of human interventions. Notably, a
significant proportion of changes in the dominant discharge patterns is still not explained by those of
rainfall. This information signals the threshold of complex hydrological processes in the region, and
perhaps suggest the influence of anthropogenic contributions and strong multi-scale ocean-
atmosphere phenomena as key secondary drivers of hydrologic variability.

[Figure 10]
[Figure 11]
The inter-annual variations and cumulative departures of rainfall and discharge were also explored
to understand their interactions in the Congo basin (Fig. 9). The inter-annual variations during the
1901-2010 period was consistent and captures the wettest period (1960-1970) in the basin (Fig. 9a).



Their cumulative departures are somewhat similar but show an apparent inconsistent trend during
the 1930-1950 and post 1999-2010 periods (Figs. 9b-c). Generally, there seems to be a change in the
hydrological regimes of the Congo river, (especially after 1994) owing to the rather pervasive
influence of extreme droughts. This again could be the aftermath of extreme droughts, which
fluctuated between 50% (i.e., affected areas) in the early years of the century and 40% during the
1994-2014 period (Ndehedehe et al., 2019). This change is reflected in the observed temporal
relationship between maximum rainfall and discharge (Figs. 10a-d). For example, the rainfall-
discharge relationship was stronger in 1961-1990 (r = 0.77) and 1991-2010 (r = 0.69) compared with
other climatological periods when correlations were weak (Figs. 10c and d). Moreover, the temporal
series associated with the ICA-localised spatial rainfall patterns over the Congo basin are correlated
with discharge (Fig. 11). As shown in the leading independent modes (Fig. 11), the discharge-rainfall
relationship is strongest at the extreme south (r = 0.65) and north (r = 0.64) of the basin. These
sections of the basin are characterised by considerable amplitudes in annual and seasonal rainfall
(EOF-1, Figs. 5a-b, 6a-b and cf. 3). The relationship (rainfall and discharge) is also significant in other
catchments where correlations of 0.56, 0.59 and 0.51 have been observed although temporal
relationships of localised rainfall at the equator with discharge are poor and insignificant (a= 0.05).
Given the trajectory of water inflow in the Congo basin, the considerable association of rainfall with
discharge implies that the wetland hydrology of the Cuvette central is nourished mostly by rainfall, in
addition to exchanges of fluxes in the floodplain wetlands.

4. Discussion and conclusion

The Congo basin is one of the most hydrologically active and pristine locations with limited
understanding of how precipitation changes impacts on stream flow dynamics and variations in
catchment stores. This poor understanding in the hydro-climatic processes of the basin is most often
the results of gaps in hydrological information and insufficient observational networks for
hydrological applications (e.g., Ndehedehe, 2019; Tshimanga and Hughes, 2014; Conway et al.,
2009). Due to limited hydro-meteorological observation network in the basin, Munzimi et al. (2015)
mentioned that much is still unknown about the Congo river basin’s hydrological behaviour. The
comparative assessment of precipitation estimates from GPCC and CRU data over the Congo basin
was therefore undertaken to improve quantitative knowledge of Congo basin precipitation and its
influence on river discharge. There are still some ongoing debates regarding the uncertainties and
ambiguities in precipitation estimates from various products over the Congo basin. While that is not
the focus of this chapter, results indicate both products (GPCC and CRU) are generally consistent
with high correlation values and statistically insignificant difference in their means. However, the
poor association between

these data in the Congo Cuvette central during the period could suggest dynamics in the availability
of gauged stations. The GPCC is a widely used observational reference data unlike the CRU
precipitation. The distribution of gauges is expected to vary in time and space and the GPCC-based
precipitation product has more gauged observations available globally compared to the CRU-based
precipitation.

The spatial distribution of rainfall in the Congo basin takes the form of a north-south dipole
patterns. These patterns result in wet and dry seasons with opposite phase in the south and north of
the basin. That is, the wet season in the south (December-February) coincides with dry season in the
north and vice versa. The dipole patterns are caused by the difference in seasons, the more reason
why the northern section is wet between May and October. The south on the other hand, remains
relatively dry during the same period. The dipoles and this alternating seasonal rainfall patterns have
been attributed to the position of the Congo basin across the equator (Munzimi et al., 2015). Be it
trends, annual, or semi-annual amplitudes, rainfall during different climatological periods (1901-
1930, 1931-1960, 1961-1990 and 1991-2014) over the Congo basin has undergone significant
changes. These changes were also echoed by Samba and Nganga (2012) who reported on



considerable declines in Congo rainfall between 1980 and 1990. The surrounding oceans, especially
the Indian Ocean have been identified as an important source of observed precipitation experienced
in wet years in the Congo basin (Dyer et al., 2017). Generally, the Congo basin and much of central
Africa are hydrologic hotspots or web of climatic influence. For instance, the SST anomalies along the
Benguela Coast, and warming or cooling of the three oceans (Atlantic, Indian, and Pacific) and
indices of oceanic variability have been identified as key factors that govern the complex changes in
precipitation patterns over West Central Africa (e.g., Ndehedehe et al., 2019; Balas et al., 2007).

As opposed to West Africa where 3-4 significant modes of rainfall variability have been identified
(e.g., Ndehedehe et al., 2016a; Sanogo et al., 2015), there are actually more than five statistically
significant modes of orthogonal rainfall modes of variability over the Congo basin. Physical
interpretation and attribution could be challenging for some of these modes. However, we found
that rainfall in the Congo basin is characterised by annual, multi-annual (or bimodal), trends, short
term seasonal signals and those resulting from regional factors and atmospheric-ocean interactions
and large-scale processes. Locally generated moisture and the interactions of the nearby oceans
(Sori et al., 2017; Dyer et al., 2017) with land surface processes in the basin could also contribute to
the magnitude of seasonal variations observed in the Congo rainfall. Sori et al. (2017) argued that
the various sources of moisture for the Congo basin makes nourishment possible during extreme
climate events (e.g., flood) thus modulating water balance within the region. On the one hand, this
could be the reason for significant amount of rainfall in the Congo basin all through the year except
during the June-July period in the southern catchment. On the other hand, the observed multiple
significant modes of the Congo basin rainfall can be attributed to signals emanating from the
combined influence of climate, natural

variability, ocean interactions and the influence of land surface processes. As an example of the
influence of land surface conditions on Congo precipitation, locally generated heat low and reduced
precipitation were identified as the direct consequence of decreased evaporation over deforested
area in Central Africa (Nogherotto et al., 2013). Arguably, this reassert the important role of land
surface processes in the Congo basin (Koster et al., 2004). In this era of anthropogenic-induced
climate change, the skills of global and regional climate models in reproducing the Congo basin
climatology (spatial patterns, seasonality, and magnitude of precipitation) could be restricted due to
uncertainties (Aloysius et al., 2016). However, the question of how the interactions of increasing
anthropogenic pressure on the Congo forest and important processes of inter-annual variability
impact surface water hydrology are therefore interesting future research directions.

So, has rainfall amounts varied comparatively less across the Congo basin despite known variations
in the Congo river flow? In the analysis of historical space-time variability of rainfall (1901-2014) over
the Congo basin we found that previous rainfall (1931-1990) varied more compared to the 1991-
2014 period. As opposed to the two climatological periods between 1931 and 1990, rainfall varied
less between 1991 and 2014. It is not clear if the time slice during this last climatological period
contributed to this as it was not up to 30 years. However, there were more dry spells and drought
events during this period (1991 and 2014) in the Congo basin compared to the last two
climatological periods prior to 1991 (Ndehedehe et al., 2019; Hua et al., 2016). The strong positive
anomalies of rainfall in extreme wet years are usually captured in the annual component and show
strong spatial distributions (loadings) in the northern and southern sections. Although the analysis
for the latter climatological period used only 23 years (1991-2014), the spatial distribution and
amplitudes of rainfall is consistent and similar to other periods with relatively higher modes of
variability. Generally, there seems to be a shift in the hydrological regimes of the Congo river,
(especially after 1994). This change can be attributed to the rather pervasive influence of extreme
droughts, which fluctuated between 50% (i.e., affected areas) in the early years of the century and
40% during the 1994-2014 period (Ndehedehe et al., 2019). To further support this argument, the
rainfall analysis by Samba and Nganga (2012) in Congo-Brazzaville (Congo) during 1932-2007 period
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indicates that the largest rainfall deficits were observed in the 1980s and 1990s. And since 1985,
Zhou et al. (2014) observed a consistent drying of the Congolese forest, which was attributed to
gradual decline in precipitation. The change in rainfall trajectory in the post 1994 period is consistent
with observed drought and drying in the region. In view of inconsistent trends between rainfall and
discharge as evidenced in their cumulative departures, this suggests other key secondary drivers of
hydrologic variability that are non-climatic exist in the basin.

The considerable association of discharge with rainfall in catchments characterised by strong annual
and seasonal amplitudes in rainfall implies that the wetland hydrology of the basin is largely
nourished by rainfall, in addition to possible exchange of fluxes within the Congo floodplain
wetlands. Notably, a significant proportion of changes in the dominant rainfall patterns is still not
explained by those of river discharge. This information signals the threshold of complex hydrological
processes in the region. Importantly, it also suggests the influence of anthropogenic contributions
(e.g., deforestation, changes in land cover states, surface water developments, etc.) and strong
multi-scale ocean-atmosphere phenomena as key secondary drivers of hydrologic variability.
Ultimately, it is obvious nonetheless, that several African regions have been identified as a hot spot
with considerable influence of several climate teleconnections (e.g., EI-Nifio Southern Oscillation and
Atlantic Multi-decadal Oscillation, Indian Ocean Dipole, etc.). Given the impacts of these multi-scaled
climate indices

on rainfall variability and extreme climatic events (droughts and floods) in Africa (see, e.g.,
Ndehedehe et al., 2020; Gizaw and Gan, 2017; Diatta and Fink, 2014; Paeth et al., 2012), the
combined influence of climate and human activities on hydrological variability is thus palpable and
multi-faceted.

Acknowledgments

Christopher is grateful to the American Geophysical Union (AGU) grant sponsored by NASA and
National Science Foundation in collaboration with The Ohio State University and several other
international agencies. This funding supported his keynote speech at the AGU Chapman conference
held in Washington DC, USA, in September 2018. The authors further thank NASA, NOAA, and GRDC
for all the data used in this study.

11



References
AghaKouchak, A. (2015). A multivariate approach for persistence-based drought prediction: Application to the
2010-2011 East Africa drought. Journal of Hydrology, 526:127 - 135. doi:10.1016/j.jhydrol.2014.09.063.

Agutu, N., Awange, J., Ndehedehe, C., Kirimi, F., and Kuhn, M. (2019). GRACEderived groundwater changes
over Greater Horn of Africa: temporal variability and the potential for irrigated agriculture. Science of The Total
Environment, 693:133467. doi:10.1016/j.scitotenv.2019.07.273.

Agutu, N., Awange, J., Ndehedehe, C., and Mwaniki, M. (2020). Consistency of agricultural drought
characterization over Upper Greater Horn of Africa (1982-2013): topographical, gauge density, and model
forcing influence. Science of The Total Environment, 709:135149. doi:10.1016/j.scitotenv.2019.135149.

Agutu, N., Awange, J., Zerihun, A., Ndehedehe, C., Kuhn, M., and Fukuda, Y. (2017). Assessing multi-satellite
remote sensing, reanalysis, and land surface models’ products in characterizing agricultural drought in East
Africa. Remote Sensing of Environment, 194(0):287-302. doi:10.1016/j.rse.2017.03.041.

Aloysius, N. R., Sheffield, J., Saiers, J. E., Li, H., and Wood, E. F. (2016). Evaluation of historical and future
simulations of precipitation and temperature in central Africa from cmip5 climate models. Journal of
Geophysical Research: Atmospheres, 121(1):130-152. doi:10.1002/2015JD023656.

Alsdorf, D., Beighley, E., Laraque, A, Lee, H., Tshimanga, R., O'Loughlin, F., Mahé, G., Dinga, B., Moukandi, G.,
and Spencer, R. G. M. (2016). Opportunities for hydrologic research in the congo basin. Reviews of Geophysics,
54(2):378-409. doi:10.1002/2016RG000517.

Andam-Akorful, S., Ferreira, V., Ndehedehe, C. E., and Quaye-Ballard, J. (2017). An investigation into the
freshwater variability in West Africa during 1979 [ 2010. International Journal of Climatology, 37(51):333-349.
doi:10.1002/joc.5006.

Asefi-Najafabady, S. and Saatchi, S. (2013). Response of African humid tropical forests to recent rainfall
anomalies. Transactions of the Royal Society, 368:20120306. doi:10.1098/rstb.2012.0306.

Balas, N., Nicholson, S. E., and Klotter, D. (2007). The relationship of rainfall variability in West Central Africa to
sea-surface temperature fluctuations. International Journal of Climatology, 27(10):1335-1349.

Becker, A., Finger, P., Meyer-Christoffer, A., Rudolf, B., Schamm, K., Schneider, U., and Ziese, M. (2013). A
description of the global land-surface precipitation data products of the Global Precipitation Climatology
Centre with sample applications including centennial (trend) analysis from 1901 to present. Earth System
Science Data, 5(1):71-99. doi:10.5194/essd-5-71-2013.

12



Bell, J. P., Tompkins, A. M., Bouka-Biona, C., and Sanda, I. S. (2015). A process-based investigation into the
impact of the Congo basin deforestation on surface climate. Journal of Geophysical Research: Atmospheres,
120(12):5721-5739. doi:10.1002/2014JD022586.

Cardoso, J. F. (1999). High-Order contrasts for Independent Component Analysis. Neural Computation, 11:157-
192. Cardoso, J. F. and Souloumiac, A. (1993). Blind beamforming for non-gaussian signals. IEE Proceedings,
140(6):362-370.

Conway, D., Persechino, A., Ardoin-Bardin, S., Hamandawana, H., Dieulin, C., and Mahé, G. (2009). Rainfall and
water resources variability in Sub-Saharan Africa during the twentieth century. Journal of Hydrometeorology,
10(1):41-59. doi:10.1175/2008JHM1004.1.

Crowley, J. W., Mitrovica, J. X., Bailey, R. C., Tamisiea, M. E., and Davis, J. L. (2006). Land water storage within
the Congo Basin inferred from GRACE satellite gravity data. Geophysical Research Letters, 33(19):L19402.
doi:10.1029/2006GL027070.

Diatta, S. and Fink, A. H. (2014). Statistical relationship between remote climate indices and West African
monsoon variability. International Journal of Climatology, 34(12):3348-3367. doi:0.1002/joc.3912.

Dyer, E. L. E., Jones, D. B. A., Nusbaumer, J., Li, H., Collins, O., Vettoretti, G., and Noone, D. (2017). Congo basin
precipitation: Assessing seasonality, regional interactions, and sources of moisture. Journal of Geophysical
Research: Atmospheres, 122(13):6882-6898. doi:10.1002/2016JD026240.

Epule, E. T., Peng, C., Lepage, L., and Chen, Z. (2014). The causes, effects and challenges of Sahelian droughts: a
critical review. Regional Environmental Change, 14(1):145-156. doi:10.1007/510113-013-0473-z.

Ghil, M., Allen, M. R., Dettinger, M. D., Ide, K., Kondrashov, D., Mann, M. E., Robertson, A. W., Saunders, A,
Tian, Y., Varadi, F., and Yiou, P. (2002). Advanced spectral methods for climatic time series. Reviews of
Geophysics, 40(1):3-1-3-41. doi:10.1029/2000RG000092.

Gizaw, M. S. and Gan, T. Y. (2017). Impact of climate change and El Nifio episodes on droughts in sub-Saharan
Africa. Climate Dynamics, 49(1):665-682. doi:10.1007/s00382-016-3366-2.

Haile, G. G., Tang, Q., Sun, S., Huang, Z., Zhang, X., and Liu, X. (2019). Droughts in East Africa: Causes, impacts
and resilience. Earth-Science Reviews, 193:146 - 161. doi:10.1016/j.earscirev.2019.04.015.

Harris, 1., Jones, P., Osborn, T., and Lister, D. (2014). Updated high-resolution grids of monthly climatic
observations - the CRU TS3.10 dataset. International Journal of Climatology, 34(3):623-642.
doi:10.1002/joc.3711.

Hua, W., Zhou, L., Chen, H., Nicholson, S. E., Raghavendra, A., and Jiang, Y. (2016). Possible causes of the
Central Equatorial African long-term drought. Environmental Research Letters, 11(12):124002.
doi:10.1088/1748-9326/11/12/124002.

Jolliffe, I. T. (2002). Principal component analysis (second edition). Springer Series in Statistics. Springer, New
York.

Koster, R. D., Dirmeyer, P. A., Guo, Z., Bonan, G., Chan, E., Cox, P., Gordon, C. T., Kanae, S., Kowalczyk, E.,
Lawrence, D., Liu, P., Lu, C.-H., Malyshev, S., McAvaney, B., Mitchell, K., Mocko, D., Oki, T., Oleson, K., Pitman,
A., Sud, Y. C., Taylor, C. M., Verseghy, D., Vasic, R., Xue, Y., and Yamada, T. (2004). Regions of strong coupling
between soil moisture and precipitation. Science, 305(5687):1138-1140. doi:10.1126/science.1100217.

Lee, H., Beighley, R. E., Alsdorf, D., Jung, H. C., Shum, C., Duan, J., Guo, J., Yamazaki, D., and Andreadis, K.

(2011). Characterization of terrestrial water dynamics in the Congo Basin using GRACE and satellite radar
altimetry. Remote Sensing of Environment, 115(12):3530 - 3538. doi:10.1016/j.rse.2011.08.015.

13



Lee, H., Jung, H. C., Yuan, T., Beighley, R. E., and Duan, J. (2014). Controls of terrestrial water storage changes
over the Central Congo Basin determined by integrating Palsar ScanSar, Envisat Altimetry, and GRACE data.
Remote Sensing of the Terrestrial Water Cycle, Geophysical Monograph, 206:117-129.
doi:10.1002/9781118872086.ch7/pdf.

Lemoalle, J., Bader, J.-C., Leblanc, M., and Sedick, A. (2012). Recent changes in Lake Chad: Observations,
simulations and management options (1973-2011). Global and Planetary Change, 803€81:247 - 254.
doi:10.1016/j.gloplacha.2011.07.004.

Malhi, Y., Adu-Bredu, S., Asare, R. A., Lewis, S. L., and Mayaux, P. (2013). African rainforests: past, present and
future. Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1625):20120312.
doi:10.1098/rstb.2012.0312.

Materia, S., Gualdi, S., Navarra, A., and Terray, L. (2012). The effect of Congo River freshwater discharge on
Eastern Equatorial Atlantic climate variability. Climate Dynamics, 39(9):2109-2125. doi:10.1007/s00382-012-
1514-x.

Montazerolghaem, M., Vervoort, W., Minasny, B., and McBratney, A. (2016). Long-term variability of the
leading seasonal modes of rainfall in south-eastern Australia. Weather and Climate Extremes, 13:1 - 14.
doi:10.1016/j.wace.2016.04.001.

Mpelasoka, F., Awange, J. L., and Zerihun, A. (2018). Influence of coupled ocean-atmosphere phenomena on
the Greater Horn of Africa droughts and their implications. Science of The Total Environment, 610-611:691 -
702. doi:10.1016/j.scitotenv.2017.08.109.

Munzimi, Y. A., Hansen, M. C., Adusei, B., and Senay, G. B. (2015). Characterizing Congo basin rainfall and
climate using tropical rainfall measuring mission (TRMM) satellite data and limited rain gauge ground
observations. Journal of Applied Meteorology and Climatology, 54(3):541-555. doi:10.1175/JAMC-D-14-
0052.1.

Ndehedehe, C., Awange, J., Agutu, N., Kuhn, M., and Heck, B. (2016a). Understanding changes in terrestrial
water storage over West Africa between 2002 and 2014. Advances in Water Resources, 88:211-230.
doi:10.1016/j.advwatres.2015.12.009.

Ndehedehe, C. E. (2019). The water resources of tropical West Africa: problems, progress and prospect. Acta
Geophysica, 67(2):621-649. https://doi.org/10.1007/511600-019-00260-y.

Ndehedehe, C. E., Agutu, N., Ferreira, V. G., and Getirana, A. (2020). Evolutionary drought patterns over the
Sahel and their teleconnections with low frequency climate oscillations. Atmospheric Research, 233:104700.
doi:10.1016/j.atmosres.2019.104700.

Ndehedehe, C. E., Agutu, N. O., Okwuashi, O. H., and Ferreira, V. G. (2016b). Spatio-temporal variability of
droughts and terrestrial water storage over Lake Chad Basin using independent component analysis. Journal of
Hydrology, 540:106-128. doi:10.1016/j.jhydrol.2016.05.068.

Ndehedehe, C. E., Anyah, R. O., Alsdorf, D., Agutu, N. O., and Ferreira, V. G. (2019). Modelling the impacts of
global multi-scale climatic drivers on hydro-climatic extremes (1901-2014) over the Congo basin. Science of
The Total Environment, 651:1569 - 1587. doi:10.1016/j.scitotenv.2018.09.203.

Ndehedehe, C. E., Awange, J., Kuhn, M., Agutu, N., and Fukuda, Y. (2017). Analysis of hydrological variability
over the Volta river basin using in-situ data and satellite observations. Journal of Hydrology: Regional studies,
12:88-110. doi:10.1016/j.ejrh.2017.04.005.

Ndehedehe, C. E., Awange, J. L., Agutu, N. O., and Okwuashi, O. (2018). Changes in hydrometeorological

conditions over tropical West Africa (198022015) and links to global climate. Global and Planetary Change,
162:321-341. doi:10.1016/].gloplacha.2018.01.020.

14


https://doi.org/10.1007/s11600-019-00260-y

Ndehedehe, C. E., Awange, J. L., Corner, R., Kuhn, M., and Okwuashi, O. (2016c). On the potentials of multiple
climate variables in assessing the spatio-temporal characteristics of hydrological droughts over the Volta Basin.
Science of the Total Environment, 557-558:819-837. doi:10.1016/].scitotenv.2016.03.004.

Ndehedehe, C. E. and Ferreira, V. G. (2020). Identifying the footprints of global climate modes in time-variable
gravity hydrological signals. Climatic Change, 159:481-502. 10.1007/510584-019-02588-2.

Nicholson, S. E., Funk, C., and Fink, A. H. (2018). Rainfall over the African continent from the 19th through the
21st century. Global and Planetary Change, 165:114 - 127. doi:10.1016/j.gloplacha.2017.12.014.

Nogherotto, R., Coppola, E., Giorgi, F., and Mariotti, L. (2013). Impact of Congo basin deforestation on the
African monsoon. Atmospheric Science Letters, 14(1):45-51. doi:10.1002/asl2.416.

O’Loughlin, F., Trigg, M. A., Schumann, G. J.-P., and Bates, P. D. (2013). Hydraulic characterization of the middle
reach of the congo river. Water Resources Research, 49(8):5059-5070. doi:10.1002/wrcr.20398.

Paeth, H., Fink, A., Pohle, S., Keis, F., Machel, H., and Samimi, C. (2012). Meteorological characteristics and
potential causes of the 2007 flood in sub-Saharan Africa. International Journal of Climatology, 31:1908-1926.
doi:10.1002/Joc.2199.

Rieser, D., Kuhn, M, Pail, R., Anjasmara, |. M., and Awange, J. (2010). Relation between GRACE-derived surface
mass variations and precipitation over Australia. Australian Journal of Earth Sciences, 57(7):887-900.
doi:10.1080/08120099.2010.512645.

Samba, G. and Nganga, D. (2012). Rainfall variability in Congo-Brazzaville: 1932-2007. International Journal of
Climatology, 32(6):854-873. doi:10.1002/joc.2311.

Sanogo, S., Fink, A. H., Omotosho, J. A, Ba, A., Redl, R., and Ermert, V. (2015). Spatiotemporal characteristics of
the recent rainfall recovery in West Africa. International Journal of Climatology, 35(15):4589-4605.
doi:10.1002/joc.4309.

Santini, M. and Caporaso, L. (2018). Evaluation of freshwater flow from rivers to the sea in CMIP5 simulations:
Insights from the Congo River basin. Journal of Geophysical Research: Atmospheres, 123(18):10,278-10,300.

Savitzky, A. and Golay, M. J. E. (1964). Soothing and differentiation of data by simplified least squares
procedures. Analytical Chemistry, 36(8):1627-1639.

Schneider, U., Becker, A., Finger, P., Meyer-Christoffer, A., Ziese, M., and Rudolf, B. (2014). GPCC’s new land
surface precipitation climatology based on quality-controlled in situ data and its role in quantifying the global
water cycle. Theoretical and Applied Climatology, 115(1-2):15-40. doi:10.1007/s00704-013-0860-x.

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall’s Tau. Journal of the American
Statistical Association, 63(324):1379-1389. doi:10.1080/01621459.1968.10480934.

Shiferaw, B., Tesfaye, K., Kassie, M., Abate, T., Prasanna, B., and Menkir, A. (2014). Managing vulnerability to
drought and enhancing livelihood resilience in sub-Saharan Africa: technological, institutional and policy
options. Weather and Climate Extremes, 3(0):67 - 79. doi:10.1016/j.wace.2014.04.004.

Snedecor, G. W. and Cochran, W. G. (1989). Statistical methods. lowa State University Press, 8th Edition.

Sori, R., Nieto, R., Vicente-Serrano, S. M., Drumond, A., and Gimeno, L. (2017). A Lagrangian perspective of the
hydrological cycle in the Congo River basin. Earth System Dynamics, 8(3):653-675. doi:10.5194/esd-8-653-
2017.

Tshimanga, R. M. and Hughes, D. A. (2014). Basin-scale performance of a semi distributed rainfall-runoff model
for hydrological predictions and water resources assessment of large rivers: The Congo River. Water Resources

Research, 50(2):1174-1188. doi:10.1002/2013WR014310.

15



Verhegghen, A., Mayaux, P., de Wasseige, C., and Defourny, P. (2012). Mapping Congo Basin vegetation types
from 300 m and 1 km multi-sensor time series for carbon stocks and forest areas estimation. Biogeosciences,
9(12):5061-5079. doi:10.5194/bg-9-5061-2012.

Washington, R., James, R., Pearce, H., Pokam, W. M., and Moufouma-Okia, W. (2013). Congo Basin rainfall
climatology: can we believe the climate models? Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 368(1625). doi:10.1098/rstb.2012.0296.

Weber, K. and Stewart, M. (2004). Critical analysis of the cumulative rainfall departure concept. Ground Water,
42(6):935-938. Retrieved from:http://info.ngwa.org/gwol/pdf/042979908.pdf Accessed 25 March, 2016.

White, R. H. and Toumi, R. (2014). River flow and ocean temperatures: The Congo river. Journal of Geophysical
Research: Oceans, 119(4):2501-2517. doi:10.1002/2014JC009836.

Zhou, L., Tian, Y., Myneni, R. B., Ciais, P., Saatchi, S., Liu, Y. Y., Piao, S., Chen, H., Vermote, E. F., Song, C., and
Hwang, T. (2014). Widespread decline of congo rainforest greenness in the past decade. Nature,
509(7498):86-90. doi:10.1038/nature13265.

5°S

10°S

10°E 15°E 20'E 25'E 30°E

50 100 150 200 250 mMm )

Figure 1: Study region showing the Congo basin. The Congo river and its numerous tributaries (i.e., blue lines
on the left) are also indicated. (a) The aerial averaged monthly rainfall (mm), (b) topographic map of the Congo
basin adapted from https://commons.wikimedia.org/wiki/File:Congo_Kinshasa_Topography.png, and (c) the
location of the Congo basin in Africa. The blue lines and polygons in (b) are the river networks and water
bodies in the Congo basin.
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Figure 2: Relationship between GPCC and CRU-based precipitation over the Congo basin during different
climatology. (a) Spatial distribution of correlation coefficients (r) and (b) analysis of variance (temporal

patterns) between GPCC and CRU.
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Figure 3: Spatial distribution of GPCC-based precipitation (mm) over the Congo basin during the 1901-1960 and
1961-2013 periods. The seasonal precipitation (March-May (MAM); June-August (JJA); September-November
(SON); and December- February (DJF)) are classified based on the rainfall climatology of the region and is
adapted with full permission from Ndehedehe et al. (2019).

18



(a) (b)

Trends Annual Semi-annual o ——
31 0 gf - u_a amplitude —
o 4 i 1 :
g i X |
- 0 F [} 150+ i
L %0 1t 2 i
e i 1
s 240 L] (] [T S
- i nfp;ﬁ: 100-F N =
0 15 20 25 30 10 15 20 25 X T ; <
(-] "! L T ! 1 50 Ll L |
@ o iy |
X i I ¥ 1
ﬁ A0 0 2L 0 s L +
. [ - | 1 1 3 4 { & ¥ %
0 15 20 25 30 o 10 15 20 25 % .
° “ Semi-annual amplitude
g :
1: o 9 100 : : E
o L. : = 1 1
[~ 40+
Lz 3
EEEEED
L] Y i
< 2 - j e A ":
- 2 A M R 6 O
o
bl
; 10 ob 4+ € H 1
9_ K

0 505 0 2 01BN B D ! 10 15 20 25 3
Figure 4: Analysis of (a) trends (mm/yr) and harmonic components (mean annual and semi-annual amplitudes)
of rainfall (mm) based on the multiple linear regression (MLRA) technique and (b) their (trend, annual and
semi-annual amplitudes) corresponding means over different climatology using analysis of variance.

19



(a) Congo basin precipitation (1901-1930)
EOF-1: 51.3% . ) EOF-2: 16.5% EOF-3: 4.0%
) e - : -

W

25

LT W M“MWIW'M Mww M MM it

000 1905 1910 1915 1920 1925 1930 {500 1205 1910 1915 1820 1925 1930 To00 1910 1920 1930
Years Years Years
(b) Congo basin precipitation (1931-1960)
EOF-1: 563%

EOF- 2 13. T% EOF-3: 3.2%
. c o e g

-3 . . . o - i o g . . .
1930 1940 1950 1960 1930 1940 1950 1960 1930 1940 1950 1960

Years Years Years
Figure 5: Spatial and temporal variability in the Congo basin rainfall (mm). The average spatial distributions of
rainfall (top panels) and their corresponding temporal patterns (bottom panels) are indicated for different
climatological periods (30-year interval). (a) Changes in the Congo precipitation during the (a) 1901-1930 and
(b) 1931-1960. Spatial (EOF) and temporal (PCs) patterns are jointly interpreted. The total variability accounted
for by each orthogonal modes of rainfall are expressed in percentages while the y-axes of the PCs are in
standardised units.
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Figure 6: Spatial and temporal variability in the Congo basin rainfall (mm) similar to Fig. 5. (a) Changes in the

Congo precipitation during the (a) 1961-1990 and (b) 1991-2014. The total variability accounted for by each

orthogonal modes of rainfall are expressed in percentages while the y-axes of the PCs are in standardised
units.
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Figure 7: Spatial distribution of trends (mm/yr) in (a) annual and (b) maximum annual rainfall (mm) over the
Congo basin. Estimated rainfall trends are based on 20 years interval except for the 1960-1963 and 2001-2013

periods.
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Figure 8: Dominant modes of river discharge time series of the Congo river between 1903 and 2010. The

leading

modes (i.e., the annual variations and multi-annual variations) of river discharge are compared with those of
precipitation. The time series of river discharge are the reconstructed expansion coefficients.
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Figure 9: Inter-annual variations and cumulative departures of rainfall and discharge. (a) The temporal
variations of rainfall and discharge anomalies, (b) the cumulative departures of rainfall and discharge, and (c)
the cumulative departures of rainfall and discharge after applying the local least-squares polynomial
approximation-based filter of Savitzky and Golay (1964) to smoothen out the effects of low frequency noise.
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Figure 10: Temporal relationship between rainfall and discharge during the 1903-2010. This relationship is
based on (a-d) maximum rainfall and discharge during different climatological windows.
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Figure 11: Locallsed ralnfall (mm) over the Congo basin (1991-2010). The independent patterns (i.e., temporal
patterns associated with this localized spatial maps) of rainfall from the ICA decomposition were compared

with time series of river discharge.

Table 1: Percentages (%) of observed variance explained by leading rainfall and river discharge orthogonal
modes during different climatological periods in the last century (1901-2010).

Variable Modes 1901-1930 1931-1960 1961-1990 1991-2010
Rainfall PC-1 59.1 62.3 63.2 60.2
PC-2 32.8 31.7 31.9 31.0
Discharge PC-1 69.3 69.6 76.1 75.5
PC-2 27.4 27.2 21.4 22.8
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