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Abstract. The Congo River Basin (CRB) is the second largest river system in the world, but its hydroclimatic 

characteristics remain relatively poorly known. Here, we jointly analyze a large record of in situ and satellite-derived 

observations, including long-term time series of Surface Water Height (SWH) from radar altimetry (a total of 2,311 30 
virtual stations) and Surface Water Extent (SWE) from a multi-satellite technique, to  characterize the CRB surface 

hydrology and its variability. Firstly, we show that SWH from  altimetry multi-missions agree well with in situ water 

stage at various locations, with root mean square deviation varying from 10 cm (with Sentinel-3A) to 75 cm (with 

European Remote Sensing-2). SWE variability from multi-satellite observations also shows a plausible  behavior over 

a ~25-year period when evaluated against in situ observations from sub-basin to basin scale. Both datasets help to 35 
better characterize the large spatial and temporal variability of hydrological patterns across the basin, with SWH 

exhibiting annual amplitude of more than 5 m in the northern sub-basins while Congo main-stream and Cuvette 

Centrale tributaries vary in smaller proportions (1.5 m to 4.5 m). Furthermore, SWH and SWE help  illustrate the 

spatial distribution and different timings of the CRB annual flood dynamic and how each sub-basin and tributary 

contribute to the hydrological regime at the outlet of the basin (the Brazzaville/Kinshasa station), including its peculiar 40 
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bi-modal pattern. Across the basin, we  estimate time lag and water travel time to reach the Brazzaville/Kinshasa 

station, ranging from 0-1 month in its vicinity in downstream parts of the basin and up to 3 months in remote areas 

and small tributaries. Northern sub-basins and the central Congo region highly contribute to the large peak in 

December-January while the southern part of the basin supplies water to both hydrological peaks, in particular to the 

moderate one in April-May. The results are supported using in situ observations at several locations in the basin. Our 45 
results contribute to a better characterization of the hydrological variability in the CRB and represent an unprecedented 

source of information for hydrological modeling and to study hydrological processes over the region.  

 
1 Introduction 

The Congo River Basin (CRB) is located in the equatorial region of Africa (Fig. 1). It is the second largest river system 50 
in the world, both in terms of drainage area and discharge. The basin covers ~3.7 x 106 km2 and its mean annual flow 

rate is about 40,500 m3 s-1 (Laraque et al., 2009; Laraque et al., 2013). It plays a crucial role in the local, regional and 

global hydrological and biogeochemical cycles with significant influence on the regional climate variability 

(Nogherotto et al., 2013; Burnett et al., 2020). The CRB is indeed one of the three main convective centers in the 

Tropics (Hastenrath, 1985) and receives an average annual rainfall of around 1,500 mm yr-1. Additionally, about 45 55 
% of the CRB land area is covered by dense tropical forest (Verhegghen et al., 2012), accounting for ~20 % of the 

global tropical forest and storing about ~80 billion tons of carbon, equivalent to ~2.5 years of current global 

anthropogenic emissions (Verhegghen et al., 2012; Dargie et al., 2017; Becker et al., 2018). The CRB is also 

characterized by a large network of rivers, along with extensive floodplains and wetlands, such as in the Lualaba 

region in the southern east part of the basin and the well-known Cuvette Centrale (Fig. 1). The CRB rainforest and 60 
inland waters therefore strongly contribute to the carbon cycle of the basin (Dargie et al., 2017; Fan et al., 2019; Hastie 

et al., 2021). Additionally, more than 80 % of the human population within the CRB rely on the basin water resources 

for their livelihood and are particularly vulnerable to climate variability and alteration, and to any future changes that 

would occur in the basin water cycle (Inogwabini, 2020). Increasing evidences suggest that changes in land-use 

practices such as large scale miningor deforestation pose a significant threat to the basin water resources availability, 65 
including hydrological, ecological, and geomorphological processes in the basin (Bele et al., 2010; Ingram et al., 2011; 

Nogherotto et al., 2013; Tshimanga and Hughes, 2012; Plisnier et al., 2018). These environmental alterations urge for 

a better comprehension of the overall basin hydrology across scales. Surprisingly, despite its major importance, the 

CRB is still one of the least studied river basins in the world (Laraque et al., 2020), and has not attracted as much 

attention among the scientific communities as, for instance, the Amazon Basin (Alsdorf et al., 2016). Therefore, there 70 
is still insufficient knowledge of the CRB hydro-climatic characteristics and processes and their spatial-temporal 

variability. This is sustained by the lack of comprehensive and maintained in situ data networks that keep the basin 

poorly monitored at a large scale, therefore limiting our understanding of the major factors controlling freshwater 

dynamics at proper space and time scales.  

Efforts have been carried out to undertake studies using remote sensing and/or numerical modeling to overcome the 75 
lack of observational information in the CRB and better characterize the various components of the hydrological cycle 

(Rosenqvist and Birkett, 2002; Lee et al., 2011; Becker et al., 2014; Becker et al., 2018; Ndehedehe et al., 2019; 
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Crowhurst et al., 2020; Fatras et al., 2021; Frappart et al., 2021a). For instance, seasonal flooding dynamics, water 

level variations and vegetation types over the CRB were derived from JERS-1 (Rosenqvist and Birkett, 2002) or 

ALOS-PALSAR SAR data, as well as ICESat and Envisat altimetry (Betbeder et al., 2014; Kim et al., 2017). Bwangoy 80 
et al. (2010) and Betbeder et al. (2014) used combinations of SAR L-band and optical images to characterize the 

Cuvette Centrale land cover. They found that the wetland extent reaches 360,000 km² (i.e., 32 % of the total area). 

Becker et al. (2014) demonstrated the potential of using radar altimetry water levels from Envisat (140 virtual stations 

VSs) to classify groups of hydrologically similar catchments in the CRB. Becker et al. (2018) combined information 

based on Global Inundation Extent from Multi-satellite (GIEMS) (Prigent et al., 2007) and altimetry-derived water 85 
levels from Envisat (350 VSs) to estimate surface water storage and analyze its variability over the period 2003-2007. 

Its mean annual variation was estimated at ~81 ± 24 km3 that accounts for 19 ± 5 % of the annual variations of 

GRACE-derived total terrestrial water storage. Ndehedehe et al. (2019), using the observed Standardized Precipitation 

Index (SPI) and the global sea surface temperature, examined the impact of the multi-scale ocean-atmosphere 

phenomena on hydro-climatic extremes, showing that 40 % of the basin during 1994-2006 was affected by severe 90 
multi-year droughts. Recently, Fatras et al. (2021) analyzed the hydrological dynamics of the CRB using inundation 

extent estimates from the multi-angular and dual polarization passive L-band microwave signal from the Soil Moisture 

and Ocean Salinity (SMOS) satellite along with precipitation for 2010-2017. The mean flooded area was found to be 

2.39 % for the entire basin and the dataset helped to characterize floods and droughts during the last ten years.  

In addition to remote sensing observations, hydrological modeling represents a valuable tool to study the CRB water 95 
cycle (Tshimanga et al., 2011; Tshimanga and Hughes, 2014; Aloysius and Saiers, 2017; Munzimi et al., 2019; 

O’Loughlin et al., 2019; Paris et al., 2020; Datok et al., 2020). For example, Tshimanga and Hughes (2014) used a 

semi-distributed rainfall-runoff model to examine runoff generation processes and the impact of future climate and 

land-use changes on water resources availability. The magnitude and timing of high and low flows were adequately 

captured, with nevertheless an additional wetland sub-model component that was added to the main model to account 100 
for wetland and natural reservoirs processes in the basin. Aloysius and Saiers (2017) simulated the variability of runoff 

in the near future (2016-2035) and mid-century (2046-2065), using a hydrological model forced with precipitation 

and temperature projections from 25 Global Climate Models (GCMs) under two scenarios of greenhouse gas emission. 

Munzimi et al. (2019) applied the Geospatial Streamflow Model (GeoSFM) coupled to remotely sensed data to 

estimate daily river discharge over the basin from 1998 to 2012, revealing a good agreement with the observed flow 105 
but also discrepancy in some parts of the basin where wetland and lake processes are predominant. O’Loughlin et al. 

(2019) forced the large-scale LISFLOOD-FP hydraulic model with combined in situ and modelled discharges to 

understand the Congo River unique bimodal flood pulse. The model was set for the area between Kisangani and 

Kinshasa on the main stem including major tributaries and the Cuvette Centrale. The results revealed that the bimodal 

annual pattern is predominantly a hydrological rather than hydraulically controlled feature. Paris et al. (2020) 110 
demonstrated the possibility of monitoring the hydrological variables in near real time using the hydrologic-

hydrodynamic model MGB (Portuguese acronym for large basin model) coupled to the current operational satellite 

altimetry constellation. The model outputs showed a good consistency with the small number of available 

observations, yet with some notable inconsistency in the mostly ungauged Cuvette Centrale and in the southeastern 
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lakes sub-basins. Datok et al. (2020) used the Soil and Water Assessment Tool model (SWAT) to understand the role 115 
of the Cuvette Centrale in water resources and ecological services. Their findings have highlighted the important 

regulatory function of the Cuvette Centrale which receives contributions from the upstream Congo River (33 %), 

effective precipitation inside the Cuvette Centrale (31 %), and other tributaries (36 %). 

Most of the above studies based on remote sensing (RS) and hydrological modelling were validated or evaluated 

against information from other hydrological RS data and/or a few historical gauge data, often enabling only 120 
comparisons of seasonal signals (Becker et al., 2018), which also did not cover the same period of data availability 

(Paris et al., 2020). Therefore, the large size of the basin, its spatial heterogeneity and the lack of in situ observations 

have made difficult the validation of long-term satellite-derived observations of surface hydrology components and 

the proper set-up of large-scale hydrological models (Munzimi et al., 2019). Recent results call for the need of a 

comprehensive spatial coverage of the CRB water surface elevation using satellite altimetry-derived observation to 125 
encompass the full range of variability across its rivers and wetlands up to its outlet (Carr et al., 2019). Additionally, 

even if recent efforts have been characterizing how water flows across the CRB, the basin-scale dynamics is still 

understudied, especially regarding the contributions of the different sub-basins to the entire basin hydrology (Alsdorf 

et al., 2016; Laraque et al., 2020) and to the annual bimodal pattern in the CRB river discharge near to its mouth. Up 

to now, only a few studies have examined the various contributions and the water transfer from upstream to 130 
downstream the basin based on a few in situ discharge gauge records (Bricquet, 1993; Laraque et al., 2020) and large-

scale modeling (Paris et al., 2020).  

The aim of this study is therefore twofold. First, we provide for the very first time an intensive and comprehensive 

validation of long-term remote sensing derived products over the entire CRB, in particular radar altimetry water levels 

variations (a total of 2,311 VSs over the period of 1995 to 2020) and surface water extent from multi-satellite 135 
techniques from 1992 to 2015 (Global Inundation Extent from Multi-satellite, GIEMS-2; Prigent et al., 2020), using 

an unprecedented in situ database (28 gauges of river discharge and height) containing historical and current records 

of river flows and stages across the CRB. Next, these long-term observations are used to analyze the spatio-temporal 

dynamics of the water propagation at sub-basin and basin scale levels, significantly improving our understanding of 

surface waters dynamics in the CRB.  140 
The paper is organized as follows. Section 2 provides a brief description of the CRB. The data and the method 

employed in this study are described in section 3. Section 4 is dedicated to the validation and evaluation of the satellite 

surface hydrology datasets and presents their main characteristics in the CRB. The results are presented in section 5 

and focus on the use of the satellite datasets  to understand the spatio-temporal variability of surface water in the CRB. 

Finally, the conclusions and perspectives are provided in section 6.   145 

 
2 Study region 

The CRB (Fig. 1) is a transboundary basin that encompasses nine riparian countries: Zambia, Tanzania, Rwanda, 

Burundi, Republic of Congo, Central Africa Republic, Cameroon, Democratic Republic of the Congo (DRC), and 

Angola. The Congo River starts its course in the southeast of DRC in the village of Musofi (Laraque et al., 2020), then 150 
flows through a series of marshy lakes (e.g., Kabwe, Kabele, Upemba, Kisale) to form the Lualaba River. The latter 
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is joined northwest by the Luvua River draining Lake Mweru (Runge, 2007). The river name becomes Congo 

(formerly Zaire River) from Kisangani until it reaches the ocean. The Kasai River in the southern part (left bank), and 

the Ubangi and Sangha rivers from the north (right bank), are the principal tributaries of the Congo River. Other major 

tributaries are Lulonga, Ruki on the left bank and Aruwimi on the right bank. In the heart of the CRB, stands the 155 
Cuvette Centrale, a large wetland along the equator (Fig. 1) that plays a crucial role on local and regional hydrologic 

and carbon cycles.  Upstream of Brazzaville/Kinshasa, the Congo River main stem flows through a wide multi-channel 

reach dominated by several sand bars called Malebo Pool. 

With a mean annual flow of 40,500 m3 s-1 computed at the Brazzaville/Kinshasa hydrological station from 1902 to 

2019 and a basin size of ~3.7 x 106 km2, the equatorial CRB (Fig. 1) stands as the second largest river system 160 
worldwide, behind the Amazon River, and the second in length in Africa after the Nile River (Laraque et al., 2020). 

The CRB is characterized by the hydrological regularity of its regime. Alsdorf et al. (2016), referring to historical 

studies, report that the annual potential evapotranspiration varies little across the basin from 1,100 to 1,200 mm yr-1. 

The mean annual rainfall in the central parts of the basin accounts for about 2,000 mm yr-1, decreasing both northward 

and southward to around 1,100 mm yr-1. The mean temperature is estimated to be about 25 °C.   165 
The topography and vegetation of the basin are generally concentrically distributed all around the Cuvette Centrale, 

bordered by plateaus and mountain ranges (e.g., Mayombe, Chaillu, Batéké). In the center of the basin stands the great 

equatorial forest with multiple facies surrounded by wooded and grassy savannas, typical of Sudanese climate 

(Bricquet, 1993; Laraque et al., 2020).  In this study, six major sub-basins are considered based on the physiography 

of the CRB (Fig. 1). These are Lualaba (Southeast), Middle-Congo (center), Ubangui (Northeast), Sangha 170 
(Northwest), Kasaï (South-center) and Lower-Congo (Southwest). 

 
3 Data and method 

3.1 In situ data 

Hydrological monitoring in the CRB can be traced back since the year 1903, with the implementation of the Kinshasa 175 
gauging site. Until the end of 1960, which marks the end of the colonial era for many riparian countries in the basin, 

more than 400 gauging sites were installed throughout the CRB to provide water level and discharge data (Tshimanga, 

2021). It is unfortunate that many of these data could not be accessible to the public interested in hydrological research 

and water resources management. Since then, there has been a critical decline of the monitoring network, so that, 

currently, there are no more than 15 gauges considered as operational (Alsdorf et al., 2016; Laraque et al., 2020).  Yet 180 
the latest observations are in general not available to the scientific community. Initiatives such as Congo HYdrological 

Cycle Observing System (Congo-HYCOS) have been carried out to build capacity to collect data and produce 

consistent and reliable information on CRB hydrological cycle (OMM, 2010).  

For the present study, we have access to a set of historical and contemporary observations of river Water Stage (WS) 

and discharge (Table 1). Those were obtained thanks to the collaboration with the regional partners of the Congo 185 
Basin Water Resources Research Center (CRREBaC) and from the Environmental Observation and Research project 

(SO HyBam, https://hybam.obs-mip.fr/fr/, last access: 19 January 2022), and from the Global Runoff Data Centre 
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database (GRDC, https://www.bafg.de/GRDC/EN/02_srvcs/21_tmsrs/210_prtl/prtl_node.html, last access: 19 

January 2022). It is worth noting that the discharge data from gauges are generally derived from water level 

measurements converted into discharge using stage‐discharge relationships (rating curves). Many of the rating curves 190 
related to historical gauges were first calibrated in the early 1950s, and no information is available on recent rating 

curves updates neither regarding their uncertainty despite recent efforts from the SO-HyBam program and the Congo-

Hydrological Cycle Observing System (HYCOS) program from the World Meteorological Organization (WMO) 

(Alsdorf et al., 2016).  

Table 1 is organized in two categories: one with stations providing contemporary observations, i.e., covering a period 195 
of time that presents a long overlap (several years) with the satellite era (starting in 1995 in our study), and another 

with stations providing long-term historical observations before the 1990s. In the frame of the Commission 

Internationale du bassin du Congo-Ubangui-Sangha (CICOS)/CNES/IRD/AFD spatial hydrology working group, the 

Maluku-Trechot and Mbata hydrometric stations were set-up right under Sentinel-3A (see further) ground-tracks. 

Additionally, for Kutu-muke, water stages are referenced to an ellipsoid therefore providing surface water elevations.  200 

3.2 Radar altimetry-derived surface water height 

Radar altimeters onboard satellites were initially designed to measure the ocean surface topography by providing 

along-track nadir measurements of water surface elevation (Stammer and Cazenave, 2017). Since the 1990s, radar 

altimeter observations have also been used for continental hydrology studies and to provide a systematic monitoring 

of water levels of large rivers, lakes, wetlands and floodplains (Cretaux et al., 2017). 205 
The intersection of the satellite ground track with a water body defines a Virtual Station (VS) where Surface Water 

Height (SWH) can be retrieved with a temporal interval sampling provided by the repeat cycle of the orbit (Frappart 

et al., 2006; Da Silva et al., 2010; Crétaux et al., 2017).  

The in-depth assessment and validation of the water levels derived from the satellite altimeter over rivers and inland 

water bodies were performed over different river basins against in situ gauges (Frappart et al., 2006; Seyler et al., 210 
2008; Santos et al., 2010; Papa et al., 2010; Papa et al., 2015; Kao et al., 2019; Kittel et al., 2021; Paris et al., 2020), 

with satisfactory results and uncertainties ranging between a few centimetres to tens of centimetres depending on the 

environments. Therefore, the stages of continental water retrieved from satellite altimetry have been used for many 

scientific studies and applications, such as the monitoring of abandoned basins (Andriabeloson et al., 2020), the 

determination of rating curves in poorly gauged basin for river discharge estimation (Paris et al., 2016; Zakharova et 215 
al., 2020), the estimation of the spatio-temporal variations of the surface water storage  (Papa et al., 2015; Becker et 

al., 2018), the connectivity between wetlands, floodplains and rivers (Park, 2020), and the calibration/validation of 

hydrological (Sun et al., 2012; Paiva et al., 2013; Corbari et al., 2019) and hydrodynamic (Garambois et al., 2017; 

Pujol et al., 2020) models. 

The satellite altimetry data used in this study were acquired from (1) the European Remote Sensing-2 satellite (ERS-220 
2, providing observations from April 1995 to June 2003 with a 35-day repeat cycle), (2) the Environmental Satellite 

(ENVISAT, named hereafter ENV, providing observations from March 2002 to June 2012 on the same orbit as ERS-

2), (3) Jason-2 and 3 (named hereafter J2 and J3, flying on the same orbit with a 10-day repeat cycle, covering June 
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2008 to October 2019 for J2 and January 2016 to present for J3), (4) the Satellite with ARgos and ALtika 

(SARAL/Altika, named hereafter SRL, from which we use observations from February 2013 to July 2016 ensuring 225 
the continuity of the ERS-2/ENV long-term records on the orbit with  35-day repeat cycle), and (5) Sentinel-3A and 

3B missions (named hereafter S3A and S3B, available respectively since February 2016 and April 2018 with a ~27-

day repeat cycle). While ERS-2, ENV, SRL, and J2 missions are past missions, J3 and S3A/B are still ongoing 

missions. The VSs used in this study were either  directly downloaded from the global operational database Hydroweb 

(http://hydroweb.theia-land.fr, last access: 19 January 2022) or processed manually using MAPS  and ALTIS 230 
softwares (respectively Multi-mission Altimetry Processing Software and Altimetric Time Series Software) (Frappart 

et al., 2015, 2021b) and GDR (Geophysical Data Records) provided freely by the CTOH (Center for Topographic 

studies of the Oceans and Hydrosphere, http://ctoh.legos.obs-mip.fr/, last access: 19 January 2022). We thus reached 

a total number of 323 VSs from ERS-2, 364 and 342 VSs for ENV and ENV2 (new orbit of ENVISAT since late 

2010) respectively, 146 and 98 VSs for J2 and J3 respectively, 358 VSs for SRL, 354 VSs for S3A and 326 VSs for 235 
S3B (Fig. 2).  

Figure 2d shows the actual combination of VSs derived from different satellite missions with the purpose of generating 

long-term water levels time series spatialized over the CRB. 25 years, 20 years, 14 years, and 12 years of records were 

aggregated respectively with ERS-2_ENV_SRL_S3A, ERS-2_ENV_SRL, ENV_SRL and finally J2_J3. The pooling 

of VSs is based on the principle of the nearest neighbor located at a minimum distance of 2 km (Da Silva et al., 2010; 240 
Crétaux et al., 2017).   

The height of the reflecting water body derived from the processing of the radar echoes are subject to biases. The 

biases vary with the algorithm used to process the echo, so called the retracking algorithm, and with the mission (e.g., 

orbit errors, onboard system, mean error in propagation velocity through atmosphere). Therefore, it is required that 

these biases are removed in order to compose multi-mission series. We used the set of absolute and inter-mission 245 
biases determined at Parintins on the Amazon River, Brazil (D. M. Moreira, personal communication, 2020). At 

Parintins, the orbits of all the past and present altimetry missions (except S3B) have a ground track in close vicinity 

of the gauge. The gauge has been surveyed during many static and cinematic GNSS campaigns, giving the ellipsoidal 

height of the gauge zero and the slope of the water surface. We also took into account the crustal deflection produced 

by the hydrological load using the rule given by Moreira et al. (2016). Therefore, all the altimetry measurements could 250 
be compared rigorously to the absolute reference provided by the gauge readings, making possible the determination 

of the biases for each mission and for each retracking algorithm. It is worth noting that this methodology does not take 

into account possible local or regional phenomena that could have an impact on biases values. Ideally, similar studies 

should be carried out at several locations on earth to verify whether such regional phenomenon exists or not. 

Note that there is no common height reference between altimeter-derived water height (referenced to a geoid model) 255 
and the in situ water stage (i.e., the altitude of the zero of the gauges is unknown). Therefore, when we want to compare 

them, we merge them to the same reference by calculating the difference of the averages over the same period and 

adding this difference to the in situ water stage.  

 
 260 
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3.3 Multi-satellite derived surface water extent 

The Global Inundation Extent from Multi-Satellite (GIEMS) captures the global spatial and temporal dynamics of the 

extent of episodic and seasonal inundation, wetlands, rivers, lakes, and irrigated agriculture at 0.25° x 0.25° resolution 

at the equator (on an equal-area grid, i.e. each pixel covers 773 km2) (Prigent et al., 2001, 2007, 2020). It is developed 265 
from complementary multiple-satellite observations (Prigent et al., 2001, 2007; Papa et al., 2010) and the current data 

(called GIEMS-2) covers the period from 1992 to 2015 on a monthly basis. For more details on the technique, we 

refer to Prigent et al. (2007, 2020).  

The seasonal and interannual dynamics of the ~25-year surface water extent have been assessed in different 

environments against multiple variables such as in situ and altimeter-derived water levels in wetlands, lakes, rivers, 270 
in situ river discharges, satellite-derived precipitation, or total water storage from Gravity Recovery and Climate 

Experiment (GRACE) (Prigent et al., 2007, 2020; Papa et al., 2008, 2010, 2013). The technique generally 

underestimates small water bodies comprising less than 10 % fractional coverage of equal-area grid cells (i.e., ~80 

km2 in ~800 km2 pixels, see Figure 7 of Prigent et al., 2007 for a comparison against high-resolution (100 m) Synthetic 

Aperture Radar images (Hess et al., 2003) over high and low water seasons in the Central Amazon). Note that large 275 
freshwater bodies worldwide such as the Lake Baikal, the Great Lakes, Lake Victoria are masked in GIEMS-2. In the 

CRB, this is the case for Lake Tanganyika (Prigent et al., 2007). This will impact the total extent of surface water at 

basin-scale, but not its relative variations, as the extent of Lake Tanganyika itself shows small variations on seasonal 

and interannual timescales. 

 280 
4 Validation of satellite surface hydrology datasets and their characteristics in the CRB  

4.1 Validation of altimetry-derived surface water height  

 
Observations of in situ WS (Fig. 1 for their locations, Table 1) over the CRB are compared to radar altimetry SWH 

(Fig. 3 and Fig. 4). The comparisons at nine locations cover five sub-basins, including Sangha (Ouesso station, Fig. 285 
3a), Ubangui (Bangui and Mbata stations, Fig. 3d and Fig. 4d), Lualaba (Kisangani and Kindu station, Fig. 3j and p), 

Kasaï (Kutu-muke and Lumbu-dima, Fig. 3m and g), and Lower-Congo (Brazzaville/Kinshasa and Maluku-Trechot 

stations, Fig. 3s and Fig. 4a). In order to evaluate the performance of the different satellite missions, we choose the 

nearest VSs located in the direct vicinity of the different gauges.   

Figure 3 -left panel- provides the first comparison of long-term SWH time series at seven gauging stations. It generally 290 
shows a very good agreement presenting a similar behavior in the peak-to-peak height variations, within a large set of 

hydraulic regimes (low and high flow seasons). Similar results in the CRB were found by Paris et al. (2020) where 

the comparisons were done at a seasonal time scale with a few tens of centimetres of standard error. Note that the VSs 

of different missions were not located at the same distance from the in situ gauges (distance ranges between 1 km and 

38 km). The gauge is considered right below the satellite track when its distance is less than 2 km (as in Fig. 4a and 295 
d), as reported by Da Silva et al. (2010). This can explain some discrepancies generally observed for the VSs far away 

from the in situ gauges (distance >10 km, Fig. 3a). Such discrepancies can be due to severe changes in the cross-
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section between the gauge and the VS, such as changes in river width. For Ouesso (Fig. 3a), ENV2 overestimates the 

lower water level as compared to the other missions. Fig. 3j, m, p present the benefit of spatial altimetry to complete 

actual temporal gaps of the in situ observations. Nevertheless, for Kindu (Fig. 3p), ENV and J2 are showing different 300 
amplitudes. The difference between radar altimetry water levels and in situ observations (Fig. 3 -center panel-) shows 

values of the order of few ten centimetres (concentration of points around zero in the histograms). The scatter plots 

between altimetry-derived SWH and in situ water stage presented in Fig. 3 -right panel- confirm the good relationship 

observed in the time series. The correlation coefficient ranges between 0.84 and 0.99 with the average standard error 

of the overall entire series varying from 0.10 m to 0.46 m. The values of Root Mean Square Deviation (RMSD) are 305 
found comparable to others obtained in other basins over the world (Leon et al., 2006; Da Silva et al., 2010; Papa et 

al., 2012; Kittel et al., 2021). The results obtained from the analysis for each satellite mission at each station are 

summarized in Table 2. 

The highest RMSD is 0.75 m at Ouesso station on the Sangha River related to ERS-2 mission (Table 2) and the lowest 

value of RMSD is 0.10 m at Mbata station on the Lobaye river with S3A mission (Fig. 4d). The pattern observed in 310 
Table 2 is that the RMSD decreases continuously from ERS-2 to S3A. In general, ERS-2 presents larger values of 

RMSD (above 40 cm) than its successor ENV and lowest coefficient correlation (r) than other satellite missions.  

These results are in good accordance with Bogning et al. (2018) and Normandin et al. (2018) who observed that the 

slight decrease in performances of ERS-2 against ENV can be attributed to the lowest chirp bandwidth acquisition 

mode which degrades the range resolution. The increasing performance with time (from ERS-2 to S3A) is linked to 315 
the mode of acquisition of data from the satellite sensor. ERS-2, ENV, J2/3, and SRL operate in Low Resolution Mode 

(LRM) with a large ground footprint, while S3A/B (like other missions such as Cryosat-2) uses the Synthetic Aperture 

Radar (SAR mode) also known as Delay-Doppler Altimetry with a small ground spot (Raney, 1998), resulting in a 

better spatial resolution than the LRM missions along the track, and thus a better performance. SRL operating at Ka 

band (smaller footprint) and at a higher sampling frequency also shows good performances as already reported 320 
(Bogning et al., 2018; Bonnefond et al., 2018; Normandin et al., 2018). As mentioned above, the accuracy of SWH 

depends on several factors among them the width and the morphology of the river. For instance, at the Bangui station 

on the Ubangui River, S3B surprisingly presents a RMSD of 0.42 m which is much higher than expected. This can be 

explained by, amongst others, the fact that its ground track intersects the river in a very oblique way over a large 

distance (~3 km) and at a location where the section presents several sandbanks, thus impacting the return signal and 325 
resulting in less accurate estimates.  

These validations of radar altimetry SWH in six sub-basins of the CRB provide confidence to use the large sets of 

VSs to characterize the hydrological dynamics of SWH across the basin. Figure 5a provides a representation of the 

mean maximal amplitude of SWH at each one of those VSs. The Ubangui and Sangha rivers in the northern part of 

the basin present the largest amplitude variations, up to more than 5 m, while Congo main stem and Cuvette Centrale 330 
tributaries vary in smaller proportions (1.5 m to 4.5 m). This finding aligns with previous amplitude values reported 

in the main stem of the Congo (O'Loughlin et al., 2013). The variation of amplitude in the southern part is similar to 

the variation observed in the central part, and only a few locations present different behaviors. This is the case, for 

instance, of the Lukuga River (bringing water from the Tanganyika Lake to the Lualaba River) that is characterized 
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by an amplitude lower than 1.5 m, such as some parts of the Kasai basin (upper Kasai, Kwilu and Wamba rivers) and 335 
some tributaries from the Bateke plateaus. The latters are well known for the stability of their flows, due to a strong 

groundwater regulation. 

Figures 5b-c show the average month for the annual highest and lowest SWH respectively at each VS. The high period 

of water levels in the northern sub-basins is September to October, November to December in the central part, and 

March to April in the southern part. Conversely, the season of low water levels in the northern sub-basins is March to 340 
April, while the central part of the CRB is at the lowest in May to June with an exception for the Lulonga River and 

the right bank tributaries upstream the confluence with the Ubangui (e.g., Aruwimi) for which the driest period is 

March to April. The Kasaï sub-basin is characterized by two periods of low water level, September to October and 

May to June on the main Kasaï River stem and its other tributaries. Similarly, the major highland Lualaba tributaries 

(e.g., Ulindi, Lowa, Elila), fed by the precipitation in the South Kivu region, present lowest levels in May and June. 345 
From its confluence with the Lukuga River and up to Kisangani, the Lualaba River reaches its lowest level in 

September to October. In the Upemba depression, the low SWH period is November-December. This evidences the 

strong seasonal signal of the gradual floods of the CRB, clearly illustrating the influence of rainfall partition in the 

northern and southern parts of the basin and the gradual shifts due to the flood travel time along the rivers and 

floodplains. This will be further analyzed and discussed in Section 5. 350 

 

4.2 Evaluation of surface water extent characteristics from GIEMS-2  

Figure 6 shows SWE main patterns over the CRB. Figures 6a and b display, respectively, the mean and the mean 

annual maximum in the extent of surface water over the 1992-2015 period. Figure 6c shows the variability of SWE, 

expressed in terms of the standard deviation over the period. Figure 6d provides the average month of SWE annual 355 
maximum over the record. The figures show plausible spatial distributions of the major drainage systems, rivers, and 

tributaries (Lualaba, Congo, Ubangui, Kasaï) of the CRB. The dataset indeed delineates the main wetlands and 

inundated areas in the region such as in the Cuvette Centrale, the Bangwelo swamps, and the valley that contains 

several lakes (Upemba). These regions are generally characterized by large maximum inundation extent (Fig. 6b) and 

variability (Fig. 6c), especially in the Cuvette Centrale and in the Lualaba sub-basin, dominated by the presence of 360 
large lakes and seasonally inundated floodplains. The spatial distribution of GIEMS-2 SWE is in agreement with 

several other estimates of SWE over the CRB (see Fig. 3 and 6 of Fatras et al., 2021), including L-Band SMOS-

derived products (SWAF, Surface WAter Fraction, Parrens et al., 2017), Global Surface Water extent dataset (GSW, 

Pekel et al., 2016), ESA‐CCI (European Space Agency-Climate Change Initiative) product and SWAMPS over the 

2010–2013 time period. At the basin scale, and in agreement with the results from the altimetry-derived SWH, 365 

GIEMS-2 shows that the Cuvette Centrale is flooded at its maximum in October-November (Fig. 6d), while the 

northern hemisphere part of the basin reaches its maximum in September-October and the Kasai and southeastern part 

in January-February. 

 



11 
 

Seasonal and interannual variations of the CRB basin-scale total SWE and the associated anomalies over 1992-2015 370 
are shown in Fig. 6e and f. The deseasonalized anomalies are obtained by subtracting the 25-year mean monthly value 

from each individual month. The total CRB SWE extent shows a strong seasonal cycle (Fig. 6e), with a mean annual 

averaged maximum of ~65,000 km2 over the 1992–2015 period with a maximum ~80,000 km2 in 1998. The time 

series show a bimodal pattern that characterizes the hydrological annual cycle of the CRB. It also displays a substantial 

interannual variability especially near the annual maxima. The deseasonalized anomaly in Fig. 6f reveals anomalous 375 
events that recently affect the CRB in terms of flood or drought events. As discussed in Becker et al. (2018), the 

positive Indian Ocean Dipole (pIOD) events in conjunction with the El Niño event that happened in 1997-1998 and 

2006-2007 triggered floods in East Africa, Western Indian Ocean, and South India (Mcphaden, 2002; Ummenhofer 

et al., 2009) and resulted in the large positive peaks observed. The CRB was also impacted by significantly severe and 

sometimes multi-year droughts during the 1990s and 2000s, impacting often about half of the basin (Ndehedehe et al., 380 
2019). These events can be depicted from GIEMS-2 anomaly time series with repetitive negative signal peaks.   

In order to evaluate SWE dynamics at basin and sub-basin scales, here we compare at the monthly time step the 

seasonal and interannual variability of the GIEMS-2 estimates against the variability of available in situ water 

discharge and stages (Table 1).  

First, at the entire basin-scale, Fig. 7 displays the comparison between the total area of the CRB SWE with the river 385 
discharge measured at the Brazzaville/Kinshasa station, the most downstream station available for our study near the 

mouth of the CRB basin. There is a fair agreement between the interannual variation (Fig. 7a) of the surface water 

extent and the in situ discharge over the period 1992 to 2015 with a significant correlation coefficient  (r = 0.67 with 

zero month lag; p-value <0.01) and a fair correlation for its associated anomaly (r = 0.58; p-value <0.01). Both on the 

raw time series and its anomaly (Fig. 7b), SWE captures major hydrological variations, including the yearly and 390 
bimodal peaks. The seasonal comparison (Fig. 7c) shows that the SWE reaches its maximum one month before the 

maximum of the discharge in December. From January to March, the discharge decreases while the SWE remains 

high. For the secondary peak, the SWE maximum is reached two months before the one for discharge in May. This is 

in agreement with the results shown with the SWE spatial distribution of the average month of the maximum 

inundation in October-November in the Cuvette Centrale (Fig. 6a).  395 

Further, the evaluation of SWE dynamics is performed at the sub-basin level against available observations at the 

outlets of each of the 5 sub-basins.  Similar to Fig. 7, Fig. 8 shows the comparisons of the aggregated SWE at the sub-

basin scale against in situ observations at their respective outlet stations (Bangui for Ubangui, Ouesso for Sangha, 

Lumbu-Dima for Kasaï, Kisangani for Lualaba, and Brazzaville/Kinshasa for the Middle-Congo sub-basin). For 

Lualaba and Kasai (Fig. 9), in situ SWHs are used since no discharge observation is available. For each sub-basin, we 400 
estimate the maximum linear correlation coefficient of point time records between the SWE and the other variables 

when lagged in time (months). The temporal shift helps to express an estimated travel time of water to reach the basin 

outlet. There is a general good agreement (with high lagged correlations r >0.8; Fig. 8a, d, g and Fig. 9a) between both 

variables, and lag time ranging between zero and two months with SWE preceding the discharge, except for the 

Lualaba. The seasonal analysis in Ubangui and Sangha sub-basins shows that the discharge starts to increase one 405 
month prior to SWE (from May), probably related to local precipitation downstream the basins, before both variables 
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increase steadily and reach their maximum in October-November (Fig. 8c and f). For the Kasaï sub-basin (Fig. 9c), 

SWE increases from July, followed within a month by the water stage, reaching a peak respectively in December and 

January. While SWE slowly decreases from January, only the discharge continues to increase to reach a maximum in 

April. For Middle-Congo sub-basin (Fig. 8), the variability of SWE and discharge are in good agreement (r = 0.89, 410 
Fig. 8g) with the SWE steadily preceding the discharge by one month (Fig. 8i). The annual dual peak is also well 

depicted. On the other hand, the Lualaba sub-basin with a moderate correlation (r = 0.54 and lag = 0 month; Fig. 9d) 

shows a particular behavior with the water stage often preceding the SWE (Fig. 9f). This could be explained by the 

upstream part of the Lualaba sub-basin where the hydrology might be disconnected from the drainage system due to 

the large seasonal floodplains and lakes, well captured by GIEMS. These water bodies store freshwater and delay its 415 
travel time, while the outlet still receives water from other tributaries in the basin. For all sub-basins, the inter-annual 

deseasonalized anomalies present in general positive and moderate linear correlations (0.4< r <0.5; p-value <0.01 with 

zero month lag; Fig. 8b and e, and Fig. 9b and e) except for the Middle-Congo where the correlation is greater (0.63; 

p-value <0.01) with temporal shift of one month (Fig. 8h). This confirms the good capabilities of satellite-derived 

SWE to portray anomalous hydrological events in agreement with in situ observations at the sub-basin scale.  420 

At the basin scale, we have already showed that the annual variability of the CRB discharge is in fair agreement with 

the dynamic of SWE, from seasonal to interannual time scales. Figure 10 investigates the comparison between water 

flow at Brazzaville/Kinshasa station against the variability of SWE for each sub-basin. For Ubangui, Sangha, and 

Middle-Congo (Fig. 10a, d, g), the variability of water discharge is strongly related to the SWE variations with a 

respective lag of two, one, and zero months, related to the decreasing distance between the sub-basin and the gauging 425 
station. The time series of the anomalies of the above sub-basins capture also some of the large peak variations while 

other peaks are observed at the sub-basin scale. Kasaï sub-basin presents a good correspondence (r = 0.74 and lag = 

0) between the variability of water flow and SWE,as well as for their associated anomaly (r = 0.47 and lag = 0). Unlike 

the other four sub-catchments, Lualaba presents again a low agreement (r = 0.05 and lag = 0) with, as already seen in 

Fig. 9, a non-consistent behavior and shifted variations between SWE and discharge (Fig. 10m), related to lakes and 430 
floodplains storage which delay the water transfer to the main river. Nevertheless, anomalies like the strong one in 

1998, with large floods linked to a positive Indian Ocean Dipole in conjunction with an El Nino (Becker et al., 2018) 

are in phase and within same order of magnitude (Fig. 10n).    

A focus on the Middle-Congo anomaly time series reveals that it is the only sub-basin where all the variations in the 

peak discharge are well captured in SWE. This reflects the strong influence of the Middle-Congo floodplains on the 435 
flow at Brazzaville/Kinshasa station, which variability may be explained at ~35 % by the variations of SWE in the 

Cuvette Centrale, based on the maximum lagged correlation of 0.59 for the deseasonalized anomalies of the two 

variables. More interestingly, while the river discharge shows a double peak in its seasonal climatology (a maximum 

one in December and a secondary one in May), it is not portrayed in the SWE in most sub-basins, except for the 

Middle-Congo that also receives contributions from Shanga, Ubangui, Kasai and Lualaba. The next section 440 
investigates these characteristics.  
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5 Results: A better understanding on how CRB surface water flows 

The evaluation of both SWH from radar altimetry and SWE from GIEMS-2, presented in the previous sections, 

provides confidence to further analyse the dynamics of surface water and their patterns within the CRB. 445 

5.1 Seasonal water travel time through the rivers and sub-basins of the CRB 

The water travel time through the rivers and sub-basins of the CRB were previously investigated by using observations 

from a few in situ gauges (Bricquet, 1993). In this study, SWH and SWE datasets enable a similar analysis at the large 

scale with an extended analysis to the entire CRB. 

Here, we determine the maximum of the linear Pearson correlation (with p-value <0.1) considering a time lag between 450 
the satellite-derived SWH at each VS (from ERS-2, ENV, J2/3, SRL and S3A missions) and GIEMS SWE at each 

cell, against Brazzaville/Kinshasa SWH and discharge, respectively. Note that the temporal shift between SWH/SWE 

and in situ stages and discharges is constrained between acceptable values, i.e., it cannot be negative, as we are 

investigating the time needed by surface waters to reach Brazzaville/Kinshasa station. For each VS, the longest 

possible time series is used. For GIEMS-2, the data over 24-year record are used against the entire river discharge 455 
record (1992-2015). The maps of highest correlations and their corresponding time shifts are provided in Fig. 11. Note 

that both satellite-derived datasets are jointly analysed to support and complement each other’s individual result. As 

a validation, the linear Pearson correlation coefficients between altimeter-derived SWH and GIEMS-2 SWE for each 

location within a 25 km distance and a common availability of data were estimated (Figure not shown). The 

correlations found are generally high (>0.9) across the entire CRB.  460 

Figures 11a and b evidence that the northern (Sangha, Ubangui) and the central (western Middle-Congo, downstream 

tributaries of Kasaï) parts are fairly correlated (r >0.6; p-value <0.1), both in terms of SWH and SWE to the discharge 

at Brazzaville/Kinshasa. In the eastern part of the Middle Congo and downstream part of the Lualaba River, SWH and 

SWE show different patterns, with higher maximal correlations for SWH (>0.6) than SWE (<0.5). On the other hand, 

the south-eastern part of the Lualaba sub-basin presents low correlation (r <0.2) for both variables, confirming again 465 
that the discharge at Brazzaville/Kinshasa station is not strongly influenced by the remote water dynamics from the 

south-eastern part of the CRB. The temporal shifts (in months) associated to the maximum correlation (Fig. 11c and 

d) at each VS and GIEMS-2 cell (only locations where r ≥0.6 are displayed) help to estimate the water travel time to 

the Brazzaville/Kinshasa reach. As expected, the time lag for both SWH and SWE increases with the distance from 

the Brazzaville/Kinshasa station from zero up to three months in remote areas and small tributaries of the upper CRB. 470 
The mainstream of the Congo in the Middle-Congo sub-basin and northern Kasai are characterized by zero month of 

lag due to their proximity with the reference station (Brazzaville/Kinshasa). However, left and right-margin tributaries 

(for instance the Likouala aux Herbes, Dja River) present a one-month lag. The Ubangui and Sangha sub-basins show 

a minimum of two months lag and up to three months for the remote area in the far northern part of the Ubangui basin 

(Kotto, Bomu rivers, Fig. 11c). Interestingly, on the downstream part of the Ubangui river and in the Cuvette Centrale, 475 
there is a notable one month difference between the lag in SWH and SWE. While SWH show lag time of zero-one 

month, it is one-two months for SWE. This can be explained by specific hydrological mechanisms of wetlands and 
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large floodplains and the processes between river and floodplains connectivity. These differences can be due in one 

hand to the different behaviours between water level dynamics and water extent in shallow flooded areas, where SWH 

in river generally increases before the surface water extent increases with riverbank overflows, while the waters stand 480 
for a longer time in the wetlands than in the rivers. The differences might also be attributed to relatively disconnected 

wetlands and rivers, and/or to the presence of interfluvial wetlands fed directly by local precipitation instead of 

overbank flooding. 

In order to confirm and validate the results on the dynamics of water surface flows obtained from altimeter-derived 

SWH and GIEMS-derived SWE, we perform a similar analysis using water level and flow observations from historical 485 
(<1994) and current gauges, as presented in Table 2. For each station, covering all the sub-basins considered, we 

estimated the correlation between the available observations and the observations at Brazzaville/Kinshasa station, at 

daily and monthly time steps. The results are presented in Table 3. In order to facilitate the comparisons, results for 

the VSs and SWE cells (as presented in Fig. 11) related to the nearest available in situ gauge stations are reported in 

Table 3, even if not covering the same period of time.   490 

Overall, the results from the Table 3 supports the general findings reported in Fig. 11, both in terms of optimum 

coefficient correlation and in terms of lag, with a general good agreement between in situ and satellite observations. 

The correlation analysis (with p-value <0.05; the change of p-value is related to the in situ record length) between 

observations at Brazzaville/Kinshasa and the various other stations confirms the higher positive values (r >0.7; with a 

mean time lag of 8 days and zero month) with increasing maximum correlation when closest to Brazzaville/Kinshasa 495 
in situ station. Lower-Congo also shows very high correlations (r >0.8). Kasaï sub-basin presents low to moderate 

positive lagged correlation (0.35 to 0.55, lag = 0) with values decreasing with respect to longer distance from the 

month, in agreement with the results from the satellite estimates. For the Lualaba sub-basin, the results at Kisangani 

outlet station present a moderate maximum correlation (r >0.6), similar to the values obtained with SWH from 

altimetry. In agreement with the results for both SWH and SWE, in situ observations confirm that in other upstream 500 
locations of the Lualaba, which are connected to lakes and floodplains, very low correlations (r <0.2) are observed.  

Both Ubangui and Sangha sub-basins have large positive correlations (r >0.7) with a respective time lag of two months 

(65 days when using in situ daily observations) and one month (45 days), similar to what satellite observations 

provided. The difference observed in the correlation coefficient and the lag between SWH and SWE, for the Basoko 

station in the Middle-Congo for instance, confirms also the different hydrological behavior between the adjacent 505 
wetlands and the main river channel. This is also in line with the one-month lag observed at some locations in the 

Cuvette Centrale between both satellite-derived SWH and SWE, supporting that different processes drive the relation 

between river channel height and flood extent dynamics.     

5.2 Sub-basin contributions to the CRB bimodal hydrological regime 

A supplementary analysis was performed in order to better illustrate the spatial distribution of the CRB flood dynamics 510 
over all the various tributaries, and also their different timing and how each sub-basin contributes to the peculiar 

bimodal pattern of the hydrological regime downstream the main stem at Brazzaville/Kinshasa (Fig. 11 and 12). Here, 

we reproduced the same analysis as above but now considering individually two distinct periods of the year 
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corresponding to each hydrological peak observed at Brazzaville/Kinshasa. We first consider the August-February 

period (the first large peak) for each time series and estimate the correlation. Then we consider the March-July period 515 
corresponding to the secondary peak. The results are shown in Fig. 12 and the comparison/validation of the results 

with historical and current in situ records are summarized in Table 4. 

Figure 12 clearly depicts the relative contributions of northern sub-basins and the southern sub-basins to the first peak 

and to the second peak, respectively. Regarding the first peak (Fig. 12a, c, e, g), the major contribution of the Ubangui 

and Sangha rivers (r >0.6) to the downstream main stem at Brazzaville/Kinshasa during the August-February period 520 
is evidenced, with a water transfer time to Brazzaville/Kinshasa station ranging between one and three months (again, 

increasing with the distance to the gauging station). Middle-Congo, northern Kasaï, and the highland of the Lualaba 

sub-basins also show some contribution during this period but with zero to one month lag. Water that supplies the 

second peak of the hydrograph comes essentially from the center and the southern part of the basin (Fig. 12b, d, f), 

including remote rivers in the Kasai sub-basin with one-two months lag and the western part of the Lualaba. The very 525 
low correlations between the upper part of the basin (Kivu region, Luapula and upper Lualaba) and discharge at 

Brazzaville/Kinshasa suggest that the contribution in terms of discharge of this region to the hydrological cycle 

downstream is negligible, for both peaks, in comparison to that from other tributaries. These conclusions are supported 

by the similar analyses performed using the in situ observation records (Table 4). This confirms the relatively low 

contribution of the northern part to the second peak at Brazzaville/Kinshasa station. On the monthly basis, the lags are 530 
found similar with the in situ and satellite observations, while the daily data from the in situ records help to get a better 

characteristic of the travel time at a finer time scale. For instance, with the second peak of the hydrograph, the Kasaï 

and Middle-Congo sub-basins are characterized respectively by a mean time lag of one month (28 days) and zero 

month (7 days) depending on the data sampling interval considered.   

 535 
6 Conclusion and perspectives  

The present study uses a unique joint analysis of in situ and satellite-derived observations to better characterize the 

CRB surface hydrology and its variability. First, thanks to the availability of an in situ database of historical and 

contemporary observations of water levels and discharges, we provide an intensive and comprehensive validation of 

long-term (~25-year) time series from space borne water level variations and surface water extent throughout the CRB. 540 
The comparison of radar altimetry-derived water levels with in situ water stage at the interannual scale shows an 

overall good agreement, with standard errors in general lower than 0.30 m. The analysis of the RMSD across the 

various missions shows an improvement over time from ERS-2 (tens of centimetres) to S3A/B (few centimetres) 

missions, confirming the technological improvement in terms of sensors, and data processing. A total of more than 

2,300 VSs covering the 1995-2020 period was used in this study and is now freely available. When compared to in 545 
situ observations, GIEMS-2 SWE also shows consistent and complementary information at the sub-basin and basin 

scales. These two long-term records are then used to analyze the spatio-temporal dynamics of surface freshwater and 

its propagation at sub-basin and basin scales, significantly improving our understanding on how surface water flows 

in the CRB. 
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The analysis of the large database of SWH from altimetry shows that the amplitude varies greatly across the basin, 550 
from more than 5 m in Ubangui and Sangha rivers, while the Cuvette Centrale and the southern basins display smaller 

annual variations (1.5 m to 4.5 m). The maximum level is reached in September-October in the northern part of the 

basin, in November-December in the central part and in March-April in the Lualaba region. Surface water bodies and 

wetlands in the Lualaba sub-basin and Cuvette Centrale present the highest variation in extent across the sub-basins 

and reach their maximum inundation respectively in January-February and November-December. Then we investigate 555 
the hydrology contributions and water travel times from upstream to downstream reaches by comparing SWE and 

SWH to stage and discharge at the Brazzaville/Kinshasa station. In particular, the methodology permitted to better 

illustrate the spatial distribution of the CRB flood dynamics on the various tributaries, their different timing, and how 

each sub-basin contributes to the peculiar bimodal pattern of the hydrological regime downstream of the main stem in 

Brazzaville/Kinshasa. The time shift for both SWH and SWE increases with the distance from the 560 
Brazzaville/Kinshasa station from no time lag at the vicinity of the outlet up to three months in remote areas and small 

tributaries of the CRB. Northern sub-basins and the central Congo region highly contribute to the large August-March 

peak, while the southern part supplies water to both peaks, and in particular to the second one. These results are 

supported by in situ observations to confirm the findings from satellites observations and from previous studies. Our 

results therefore confirm the suitability of both long-term water surface elevation time series from radar altimetry and 565 
flooded areas from GIEMS-2 for monitoring the CRB surface water dynamics, potentially bridging the gap between 

past in situ databases and current and future monitoring as an ensemble. Their use in hydrological models will permit 

a better representation of local and basin-scale hydrodynamics and ensure an improved monitoring of hydrological 

variables from space. 

The very first use of a large dataset of VSs spread over more than a hundred of tributaries across the basin and spanning 570 
the whole altimetry period permitted an unprecedented analysis in terms of both length of the observation and number 

of observations, providing time series of more than twenty years over the CRB. This unique dataset of surface water 

levels variations combined to the ~25-year SWE from GIEMS should permit to generate estimates of surface water 

storage. In complement to GRACE/GRACE-FO total water storage estimates, it will further permit the estimation of 

long-term and interannual variations of freshwater volume in the CRB, including subsurface and groundwater storage 575 
and their link with hydro-climatic processes across the region. Furthermore, the use of both satellite datasets in 

hydrological models will permit a better representation of local and basin-scale hydrodynamics and ensure an 

improved real-time monitoring of hydrological variables from space, as well as a better evaluation of climate 

variability impacts on water availability. These datasets will also play a key role in the evaluation and validation of 

future hydrology-oriented satellite missions such as the NASA-CNES Surface Water and Ocean Topography (SWOT), 580 
to be launched in late 2022. More generally, the use of satellite-derived observations dedicated to surface hydrology 

will contribute to a better fundamental understanding of the CRB and its hydro-climatic processes, bringing more 

opportunities for other river basins in Africa to improve the management of water resources. 

Finally, the better understanding of large-scale CRB surface hydrology variability will help to improve the 

comprehension at the local and regional scales of the hydrological and biogeochemical cycles, as the CRB is 585 
recognized to be one of the three main convective centers in the tropics and its inland waters strongly contribute to 
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the carbon cycle of the basin. Our findings also highlight the large spatio-temporal variability of the surface hydrologic 

components within the basin that will help understand the links and feedback with regional climate and the influence 

of events such as El Niño on water resources. The results from both long-term SWH from radar altimetry and flooded 

areas from GIEMS-2 have confirmed the benefits of EO in characterizing and understanding the variability of the 590 
surface hydrologic components in a sparse gauged basin such as the CRB. Since these datasets are global, our study 

and the methodology will benefit to similar investigations in other ungauged tropical river basins. 
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Figure captions 

Figure 1 Congo River Basin (CRB): its topography from Multi-Error-Removed Improved -Terrain (MERIT) digital 

elevation model, major sub-basins (in brown line), major rivers and tributaries. Also displayed are the locations of in 625 
situ gauging stations (triangle). Red and black triangles represent respectively the gauge stations with current (>1994) 

and historical observations. Their characteristics are reported in Table 1. 

Figure 2 Locations of altimetry VSs over time within the CRB. (a) ERS-2 VSs covering the 1995-2002 period. (b) 

ENV, ENV2, J2 and SRL VSs during 2002-2016. (c) J3, S3A, and S3B VSs from 2016 up to present. (d) VSs with 

actual long time series from combination of multi-satellite missions with the record period ranges between 25 to 20 630 
years (yellow), 20 to 15 years (orange), and 15 to 10 years (red). 

Figure 3 Comparison of in situ water stage (Table 1) and long-term altimeter-derived SWH obtained by combining 

ERS-2, ENV, ENV2, SRL, J2/3, and S3A/B at different sites (Fig. 1 for their locations). The left panel presents the 

time series of both in situ and altimetry-derived water height where the grey line in the background shows the in situ 

daily WS variations (grey), the sky-blue line indicates the in situ WS sampled at the same date as the altimeter-derived 635 
SWH from ERS-2 (purple), ENV (royal blue), ENV2 (lime green), SRL (dark orange), J2/3 (yellow), and S3A/S3B 

(red) missions. The middle panel shows the histogram of the difference between the altimeter-derived SWH and the 

in situ WS. The right panel portrays the scatterplot between altimeter-derived SWH and in situ WS. The linear 

correlation coefficient r and the Root-Mean-Square Deviation (RMSD) considering all the observations are indicated. 

The solid line shows the linear regression between both variables.   640 

Figure 4 Similar to Fig. 3 but the in situ stations are located right below the satellite track of S3A. Comparison of in 

situ water stage (Table 1) and S3A altimeter-derived SWH at different sites (Fig. 1 for their locations). The left panel 

presents the time series of both in situ and altimetry-derived water height where the grey line in the background shows 

the in situ daily WS variations (grey), the sky-blue line indicates the in situ WS sampled at the same date as the 

altimeter-derived SWH from S3A (red) mission. The middle panel shows the histogram of the difference between the 645 
altimeter-derived SWH and the in situ WS. The right panel portrays the scatterplot between altimeter-derived SWH 

and in situ WS. The linear correlation coefficient r and the Root-Mean-Square Deviation (RMSD) considering all the 

observations are indicated. The solid line shows the linear regression between both variables.   

Figure 5 Statistics for radar altimetry VSs. (a) displays the maximum amplitude of SWH (in m), (b) presents the 

average month of the maximum of SWH, and (c) shows the average month of the minimum of SWH.  650 

Figure 6 Characterization of SWE from GIEMS-2 over the CRB. (a) Mean SWE (1992-2015) for each pixel, 

expressed in percentage of the pixel coverage size of 773 km2. (b) SWE variability (standard deviation over 1992-

2015, also in %). (c) Annual maximum SWE averaged over 1992-2015 (in %). (d) Monthly mean SWE for 1992– 

2015 for the entire CRB. (e) Time series of SWE, and (f) Corresponding deseasonalized anomalies obtained by 

subtracting the 24 years mean monthly value from individual months. 655 
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Figure 7 Comparison of monthly SWE (a) and its anomalies (b) at CRB scale against the in situ monthly mean water 

discharge at Brazzaville/Kinshasa station. The blue line is the SWE, and the green line is the mean water discharge. 

(c) the annual cycle for both variables (1992-2015), with the shaded areas illustrating the standard deviations around 

the SWE and discharge means.  

Figure 8 Similar to Fig. 7 but for each of the 5 sub-basins. Comparison of monthly SWE (absolute and anomaly 660 
values) against the in situ water discharge at each sub-basin outlet. The blue line is for the SWE and the green line is 

for the water discharge. The annual cycle for both variables (1992-2015) is also displayed, with the shaded areas 

illustrating the standard deviations around SWE and discharge means. 

Figure 9 Similar to Fig. 8 using available in situ water stage. Comparison of monthly SWE (absolute and anomaly 

values) against the in situ water stage at each sub-basin outlet. The blue line is for the SWE and the green line is for 665 
the water stage. The annual cycle for both variables (1992-2015) is also displayed, with the shaded areas illustrating 

the standard deviations around SWE and discharge means. 

Figure 10 Similar to Fig. 7, 8, and 9, but the SWE estimated at each of the 5 sub-basins is compared against the in 

situ monthly mean water discharge at Brazzaville/Kinshasa station. The blue line is for the SWE and the green line is 

for the Brazzaville/Kinshasa station. The annual cycle for each variable (1992-2015) is also displayed, with the shaded 670 
areas illustrating the standard deviations around the SWE and discharge means.  

Figure 11 Maps of the optimal coefficient correlation and associated lag at each VS and GIEMS-2 cells. (a) Optimum 

coefficient correlation between altimetry-derived SWH (from ERS2, ENV, SRL, J2/3 and S3A missions) at each VS 

against in situ water stage at the Brazzaville/Kinshasa station. (b) Same as (a) for each GIEMS-2 cell against the river 

discharge at Brazzaville/Kinshasa station. (c) and (d) show, respectively, their optimum lag in months. In (c) and (d), 675 
only the time lags for which the maximum correlation has p-value <0.05 are displayed.    

Figure 12 Similar to Fig. 11 but considering the two distinct periods of the year corresponding to each hydrological 

peak observed at Brazzaville/Kinshasa. (a) the optimum coefficient correlation between altimetry-derived SWH (from 

ERS2, ENV, SRL, J2/3 and S3A missions) at each VS against in situ water stage at the Brazzaville/Kinshasa station 

for the period August-February (b) same as (a) but for the period March-July. (c) the optimum coefficient correlation 680 
between SWE at each GIEMS-2 against in situ discharge at the Brazzaville/Kinshasa station for the period August-

February. (d) same as (c) but for the period March-July. (e), (f), (g) show the time lag (in month) associated 

respectively to (a), (b), and (c), only for cases where the maximum correlation has p-value <0.05. The time lag 

associated to (d) has too few values with p-value <0.05 and is not shown.      

 685 
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Figure 1 Congo River Basin (CRB): its topography from Multi-Error-Removed Improved -Terrain (MERIT) digital 

elevation model, major sub-basins (in brown line), major rivers and tributaries. Also displayed are the locations of in 

situ gauging stations (triangle). Red and black triangles represent respectively the gauge stations with current (>1994) 

and historical observations. Their characteristics are reported in Table 1. 945 
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Figure 2 Locations of altimetry VSs over time within the CRB. (a) ERS-2 VSs covering the 1995-2002 period. (b) 

ENV, ENV2, J2 and SRL VSs during 2002-2016. (c) J3, S3A and S3B VSs from 2016 up to present. (d) VSs with 

actual long time series from combination of multi-satellite missions with the record period ranges between 25 to 20 

years (yellow), 20 to 15 years (orange), and 15 to 10 years (red). 950 
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Figure 3 Comparison of in situ water stage (Table 1) and long-term altimeter-derived SWH obtained by combining 

ERS-2, ENV, ENV2, SRL, J2/3, and S3A/B at different sites (Fig. 1 for their locations). The left panel presents the 

time series of both in situ and altimetry-derived water height where the grey line in the background shows the in situ 

daily WS variations (grey), the sky-blue line indicates the in situ WS sampled at the same date as the altimeter-derived 955 
SWH from ERS-2 (purple), ENV (royal blue), ENV2 (lime green), SRL (dark orange), J2/3 (yellow), and S3A/S3B 

(red) missions. The middle panel shows the histogram of the difference between the altimeter-derived SWH and the 

in situ WS. The right panel portrays the scatterplot between altimeter-derived SWH and in situ WS. The linear 

correlation coefficient r and the Root-Mean-Square Deviation (RMSD) considering all the observations are indicated. 

The solid line shows the linear regression between both variables.   960 
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 980 

Figure 4 Similar to Fig. 3 but the in situ stations are located right below the satellite track of S3A. Comparison of in 

situ water stage (Table 1) and S3A altimeter-derived SWH at different sites (Fig. 1 for their locations). The left panel 

presents the time series of both in situ and altimetry-derived water height where the grey line in the background shows 

the in situ daily WS variations (grey), the sky-blue line indicates the in situ WS sampled at the same date as the 

altimeter-derived SWH from S3A (red) mission. The middle panel shows the histogram of the difference between the 985 
altimeter-derived SWH and the in situ WS. The right panel portrays the scatterplot between altimeter-derived SWH 

and in situ WS. The linear correlation coefficient r and the Root-Mean-Square Deviation (RMSD) considering all the 

observations are indicated. The solid line shows the linear regression between both variables. 
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Figure 5 Statistics for radar altimetry VSs. (a) displays the maximum amplitude of SWH (in m), (b) presents the 

average month of the maximum of SWH, and (c) shows the average month of the minimum of SWH.  995 
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Figure 6 Characterization of SWE from GIEMS-2 over the CRB. (a) Mean SWE (1992-2015) for each pixel, 

expressed in percentage of the pixel coverage size of 773 km2. (b) SWE variability (standard deviation over 1992-

2015, also in %). (c) Annual maximum SWE averaged over 1992-2015 (in %). (d) Monthly mean SWE for 1992– 

2015 for the entire CRB. (e) Time series of SWE, and (f) Corresponding deseasonalized anomalies obtained by 1000 
subtracting the 24 years mean monthly value from individual months. 
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Figure 7 Comparison of monthly SWE (a) and its anomalies (b) at CRB scale against the in situ monthly mean water 

discharge at Brazzaville/Kinshasa station. The blue line is the SWE, and the green line is the mean water discharge. 

(c) the annual cycle for both variables (1992-2015), with the shaded areas illustrating the standard deviations around 1025 
the SWE and discharge means.  
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Figure 8 Similar to Fig. 7 but for each of the 5 sub-basins. Comparison of monthly SWE (absolute and anomaly 

values) against the in situ water discharge at each sub-basin outlet. The blue line is for the SWE and the green line is 1030 
for the water discharge. The annual cycle for both variables (1992-2015) is also displayed, with the shaded areas 

illustrating the standard deviations around SWE and discharge means.    
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 1035 
Figure 9 Similar to Fig. 8 using available in situ water stage. Comparison of monthly SWE (absolute and anomaly 

values) against the in situ water stage at each sub-basin outlet. The blue line is for the SWE and the green line is for 

the water stage. The annual cycle for both variables (1992-2015) is also displayed, with the shaded areas illustrating 

the standard deviations around SWE and discharge means. 
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Figure 10 Similar to Fig. 7, 8, and 9, but the SWE estimated at each of the 5 sub-basins is compared against the in 

situ monthly mean water discharge at Brazzaville/Kinshasa station. The blue line is for the SWE and the green line is 

for the at Brazzaville/Kinshasa station. The annual cycle for each variable (1992-2015) is also displayed, with the 

shaded areas illustrating the standard deviations around the SWE and discharge means.  1045 
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Figure 11 Maps of the optimal coefficient correlation and associated lag at each VS and GIEMS-2 cells. (a) Optimum 1050 
coefficient correlation between altimetry-derived SWH (from ERS2, ENV, SRL, J2/3 and S3A missions) at each VS 

against in situ water stage at the Brazzaville/Kinshasa station. (b) Same as (a) for each GIEMS-2 cell against the river 

discharge at Brazzaville/Kinshasa station. (c) and (d) show, respectively, their optimum lag in months. In (c) and (d), 

only the time lags for which the maximum correlation has p-value <0.05 are displayed.     
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 1055 

Figure 12 Similar to Fig. 11 but considering the two distinct periods of the year corresponding to each hydrological 

peak observed at Brazzaville/Kinshasa. (a) the optimum coefficient correlation between altimetry-derived SWH (from 

ERS2, ENV, SRL, J2/3 and S3A missions) at each VS against in situ water stage at the Brazzaville/Kinshasa station 

for the period August-February (b) same as (a) but for the period March-July. (c) the optimum coefficient correlation 

between SWE at each GIEMS-2 against in situ discharge at the Brazzaville/Kinshasa station for the period August-1060 
February. (d) same as (c) but for the period March-July. (e), (f), (g) show the time lag (in month) associated 

respectively to (a), (b), and (c), only for cases where the maximum correlation has p-value <0.05. The time lag 

associated to (d) has too few values with p-value <0.05 and is not shown.      
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Table 1 Location and main characteristics of in situ stations used in this study. The locations are displayed in Fig. 1. 

WS: Water Stage.  

N° Name Lat Lon Sub-basin Variable Period Frequency Source 
 

Stations with contemporary observations  

1 Bangui 4.37 18.61 Ubangui ws/ 
Discharge 1936-2020 Daily/Monthly CRREBaC/ 

SO-Hybam  
 

2 Ouesso 1.62 16.07 Sangha ws/ 
Discharge 1947-2020 Daily/Monthly CRREBaC/ 

SO-Hybam 
 

3 Brazzaville/ 
Kinshasa -4.3 15.30 Lower-

Congo 
ws/ 

Discharge 1903-2020 Daily/Monthly CRREBaC/ 
SO-Hybam 

 

4 Lumbu-dima -3.28 17.5 Kasaï ws 1909-2012 Daily CRREBaC 
 

 

5 Esaka-amont -3.4 17.94 Kasaï ws 1977-2010 Daily CRREBaC 
 

 

6 Kisangani 0.51 25.19 Lualaba ws/ 
Discharge 

1967-2011/ 
1950-1959 Daily/Monthly CRREBaC  

7 Kindu -2.95 25.93 Lualaba ws/ 
Discharge 

1960-2004/ 
1933-1959 Daily/Monthly CRREBaC  

8 Kutu-muke -3.20 17.34 Kasaï 
Surface 
water 

elevation 
2017-2020 Hourly CRREBaC 

 

9 Maluku-
Trechot -4.07 15.51 Lower-

Congo ws 2017-2020/ 
1966-1991 Hourly/Daily CRREBaC 

 

10 Mbata 3.67 18.30 Ubangui ws/   
Discharge 

2016-2018/ 
1950-1994 

Hourly/ 
Monthly 

CRREBaC 

 

 

Stations with historical observations  

11 Bagata -3.39 17.40 Kasaï ws 1952-1990 Daily CRREBaC 
 

 

12 Bandundu -3.30 17.37 Kasaï ws 1929-1993 Daily CRREBaC 
 

 

13 Basoko 1.28 24.14 Middle-
Congo ws 1972-1991  Daily CRREBaC  

14 Bumba 2.18 22.44 Middle-
Congo ws 1912-1961  Daily CRREBaC  

15 Ilebo -4.33 20.58 Kasaï ws 1924-1991 Daily CRREBaC 
 

 

16 Kabalo -5.74 26.91 Lualaba ws 1975-1990 Daily CRREBaC 
 

 

17 Mbandaka -0.07 18.26 Middle-
Congo ws 1913-1984 Daily CRREBaC  

18 Bossele-bali 4.98 18.46 Ubangui Discharge 1957-1994 Monthly CRREBaC 
 

 

19 Bangassou 4.73 22.82 Ubangui Discharge 1986-1994 Monthly CRREBaC 
 

 

20 Sibut 5.73 19.08 Ubangui Discharge 1951-1991 Monthly  CRREBaC 
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21 Obo 5.4 26.5 Ubangui Discharge 1985-1994 Monthly CRREBaC 
 

 

22 Loungoumba 4.7 22.69 Ubangui Discharge 1987-1994 Monthly CRREBaC 
 

 

23 Zemio 5.0 25.2 Ubangui Discharge 1952-1994 Monthly CRREBaC 
 

 

24 Salo 3.2 16.12 Sangha Discharge 1953-1994 Monthly CRREBaC 
 

 

25 n.a. -
10.46 29.03 Lualaba Discharge 1971-2004 Monthly CRREBaC 

 
 

26 n.a. -
10.71 29.09 Lualaba Discharge 1971-2005 Monthly CRREBaC 

 
 

27 Chembe 
Ferry 

-
11.97 28.76 Lualaba Discharge 1956-2005 Daily/Monthly 

GRDC/ 
CRREBaC 

 

 

28 Old pontoon -
10.95 31.07 Chambeshi Discharge 1972-2004 Daily GRDC  
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Table 2 RMSD and r per satellite missions for each in situ station related to fig. 3. 1095 

N
° 

In situ 
station 

ERS-2 ENV ENV2 J2/3 SRL S3A S3B 
RMS
D (m) r RMS

D (m) r RMS
D (m) r RMS

D (m) r RMS
D (m) r RMS

D (m) r RMS
D (m) 

r 

1 Bangui 0.46 0.9
9 

0.15 0.9
9 

/ 
 

/ 
 

/ 
 

/ 
 

0.23 0.9
9 

/ 
 

/ 
 

0.42 0.9
9 

2 Ouesso 0.75 0.9
1 

0.32 0.9
6 

0.89 0.8
9 

/ 
 

/ 
 

0.20 0.9
9 

0.17 0.9
9 

/ 
 

/ 
 

3 Brazzavil
le 

0.66 0.8
7 

0.33 0.9
5 

/ 
 

/ 
 

/ 
 

 0.21 0.9
9 

0.24 0.9
9 

/ 
 

/ 
 

4 Lumbu-d. 0.30 0.9
2 

0.23 0.9
6 

/ 
 

/ 
 

0.20 0.9
6 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

6 Kisangan
i 

0.40 0.9
5 

0.39 0.9
4 

0.64 0.9
4 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

7 Kindu / 
 

/ 
 

0.27 0.9
5 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

8 Kutu-mu. / 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

0.28 0.9
8 

/ 
 

/ 
 

9 Maluku_
T. 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

0.13 0.9
9 

/ 
 

/ 
 

1
0 

Mbata / 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

/ 
 

0.10 0.9
8 

/ 
 

/ 
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Table 3 Optimal coefficient correlation and associated lag for each in situ station against SWH and discharge at the 

Brazzaville/Kinshasa station and their closest VS and GIEMS-2 cell (SWE) and their latitude and longitude in square 

bracket. In parenthesis, r and lag at the daily time scale when daily observations are available. Only correlations with 

a 95% significance are reported. 1115 

N°   In situ   Monthly (Daily)  
r   lag   

Kasaï sub-basin  

4   Lumbu-D   0.46 (0.46)  0 (0)  
 VS [-3.26, 17.46]  0.48   0   

5   Esaka-A   0.34 (0.35)  0 (0)  
VS [-3.40, 18.09]  0.5   0   

11   
Bagata   0.55 (0.54)   0 (0)   

VS [-3.39, 17.40]  0.66   0   
SWE [-3.38, 17.40]   0.49   0   

15   
Ilebo   0.40 (0.40)   0 (0)  

VS [-4.34, 20.49]  0.42   0   
SWE [-4.38, 20.68]  0.48   0   

Middle-Congo sub-basin  

13   
Basoko   0.72 (0.73)  0 (10)  

VS [1.26, 23.72]  0.83   1   
SWE [1.38, 23.88]  0.24   0   

14   
Bumba   0.72 (0.73)   0 (10)  

VS [2.19, 22.19]  0.78   0   
SWE [2.12, 22.39]  0.51   1   

17   
Mbandaka   0.92 (0.92)   0 (5)  

VS [-0.04, 18.40]  0.94   0   
SWE [-0.12, 18.38]  0.83   1   

Lower-Congo sub-basin  

9   
Maluku   0.97 (0.96)  0 (0)  

 VS [-4.15, 15.41]  0.97   0   
 SWE [-4.12, 15.42]  0.85   0   

Lualaba sub-basin  

6   
Kisangani   0.64 (0.61)  0 (0)  

VS [0.36, 25.38]  0.63   0   
SWE [0.38, 25.38]  0.39   3   

7   
Kindu   0.12 (0.13)   0 (0)   

VS [-3.14, 25.93]  0.17   0   
SWE [-2.88, 25.91]  0.32   0   

16   
Kabalo   -0.17 (-0.17)  3 (0)  

VS [-5.76, 26.91]  -0.3   0   
SWE [-6.38, 27.04]  0.03   0   

25   15933300   0.42   1   
 VS [-10.68, 28.68]  -0.21   0   

26   1593210   0.42   2   
VS [-10.68, 28.68]  -0.21   0   

27   1593100   0.55   1   
VS [-11.89, 28.53]  -0.34   0   

28 
Old pontoon  -0.23 (0.1)  0 (0)  

VS [-10.56, 31.46]   -0.17  0   
SWE [-10.88, 31.19]  0.03  0  
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Ubangui sub-basin  

1   
Bangui   0.79 (0.78)  2 (65)  

VS [4.35, 18.57]  0.83   2   
SWE [4.38, 18.68]  0.68   2   

10  Mbata   0.71   2   
VS [3.66, 18.29]  0.81   2   

18   Bossele-Bali   0.53   2   
VS [4.43, 18.34]  0.83   2   

19   Bangassou   0.78   2   
VS [4.72, 22.80]  0.78   2   

21   Obo   0.65   2   
VS [5.15, 26.30]  0.73   2   

22   Loungoumba   0.64   2   
VS [4.81, 22.93]  0.87   2   

23   Zemio   0.70   2   
VS [4.90, 24.78]  0.88   2   

Sangha sub-basin  

2   
Ouesso   0.69 (0.71)  1 (45)  

VS [1.44, 16.20]  0.81   1   
SWE [0.62, 16.62]  0.61   1   

24   Salo   0.78   2   
VS [2.88, 16.24]  0.80   2  
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Table 4 Optimal coefficient correlation and associated lag for each in situ station against SWH and discharge at the 

Brazzaville/Kinshasa station for the two periods of time corresponding to the first and second peak and for their closest 

VS and GIEMS-2 cell (SWE). Their latitude and longitude are in square bracket. In parenthesis, r and lag using daily 

observations. Only correlations with a 95% significance are reported.  

N°  In situ  
Peak-1 (August-February)   Peak-2 (March-July)  

Monthly (Daily)  Monthly (Daily)  
r   lag   r   lag   

Kasaï sub-basin  

4   Lumbu-D   0.63 (0.63)  0 (0)  0.65 (0.63)   1 (30)   
VS [-3.26, 17.46]  0.67   0   0.65   1   

5   Esaka-A   0.52 (0.52)   0 (0)  0.52 (0.38)   0 (25)  
VS [-3.40, 18.09]  0.64   0   0.49   1   

11   
Bagata   0.65 (0.65)   0 (0)  0.57 (0.56)   1 (20)   

VS [-3.39, 17.40]   0.77   0   0.70   0   
SWE [-3.38, 17.40]    0.55   0   0.34   1   

15   
Ilebo   0.59 (0.59)  0 (0)   0.59 (0.60)   1 (40)   

VS [-4.34, 20.49]   0.66   0   0.64   1   
SWE [-4.38, 20.68]   0.54   0   0.44   2   

Middle-Congo sub-basin  

13   
Basoko   0.77 (0.81)   1 (15)  0.81 (0.77)   0 (5)   

VS [1.26, 23.72]   0.82   2   0.77   1   
SWE [1.38, 23.88]   0.45   0   0.17   3   

14   
Bumba   0.77 (0.80)  0 (15)  0.77 (0.77)   0 (10)   

VS [2.19, 22.19]   0.80   0   0.80   0   
SWE [2.12, 22.39]   0.54   1   0.02   3   

17   
Mbandaka   0.92 (0.93)  0 (5)  0.92 (0.91)   0 (0)  

VS [-0.04, 18.40]   0.96   0   0.84   0   
SWE [-0.12, 18.38]   0.84   1   0.63   0   

Lower-Congo sub-basin  

9   
Maluku   0.97 (0.97)   0 (0)  0.92 (0.92)   0 (0)  

 VS [-4.15, 15.41]   0.97   0   0.90   0   
 SWE [-4.12, 15.42]   0.90   0   0.60   1   

Lualaba sub-basin  

6   
Kisangani   0.83 (0.78)   0 (0)  0.73 (0.77)   0 (0)  

VS [0.36, 25.38]   0.75   0   0.75   0   
SWE [0.38, 25.38]   0.55   3   0.25   3   

7   
Kindu   0.25 (0.26)   0 (0)  0.66 (0.68)   0 (0)  

VS [-3.14, 25.93]   0.29   0   0.80   0   
SWE [-2.88, 25.91]   0.23   0   0.30   3   

16   
Kabalo   -0.28 (-0.30)   0 (0)  0.73 (0.74)   0 (0)  

VS [-5.76, 26.91]   -0.18   0   0.81   0   
SWE [-6.38, 27.04]   -0.09   2   0.26   0   

28 
Old pontoon   (0.22)   (0)  0.60 (0.56)  1 (30)  

VS [-10.56, 31.46]   /  /  0.65  1  
SWE [-10.88, 31.19]  -0.03   3  0.21  0  

Ubangui sub-basin  

1   
Bangui   0.87 (0.87)   2 (55)  0.23 (0.24)   3 (75)  

VS [4.35, 18.57]   0.82   2   0.41   3   
SWE [4.38, 18.68]   0.6   2   0.05   3   

10  Mbata   0.62   2    /    /    
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VS [3.66, 18.29]  0.82   2    /    /    

18   Bossele-Bali   0.51   3    /    /    
VS [4.43, 18.34]  0.82   2    /    /    

19   Bangassou   0.81   2    /    /    
VS [4.72, 22.80]  0.76   2    /    /    

21   Obo   0.58   2    /    /    
VS [5.15, 26.30]   /    /     /    /    

22   Loungoumba   0.54   2    /    /    
VS [4.81, 22.93]  0.92   2    /    /    

23   Zemio   0.65   2    /    /    
VS [4.90, 24.78]  0.91   2    /    /    

Sangha sub-basin  

2   
Ouesso   0.73 (0.78)  1 (40)  0.28 (0.30)  0 (20)   

VS [1.44, 16.20]   0.81   1   0.35   3   
SWE [0.62, 16.62]   0.63   1   0.17   3   

24   Salo   0.81   2    /    /    
VS [2.88, 16.24]  0.78   2    /    /  

 1135 


