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The Congo Basin in Africa is the world’s second largest river basin. Centrally located 

and with the greatest water resources in Africa, the basin is a vital resource for water 

and energy supply for a continent with increasing needs for safe water and energy. The 

Congo Basin’s streams and rivers could be impacted by human activities in the region, 

notably by land cover and land use change (LCLUC) considering the strong 

interactions between hydrology and ecosystem processes in the humid tropics. It could 

impact flow discharge downstream Congo River and hydropower potential at the Inga 

hydroelectric site, the largest such installation in Africa, located 150km upstream from 

the river’s mouth. The seasonal rainfall regime, to which the Congo River owes its 

regular flow regime, play an important role in mediating freshwater resources. An 

improvement to our baseline information on the Congo’s rainfall and streamflow 



  

dynamics allows for a greater quantitative understanding of the basin’s hydrology, 

necessary for the current and future management of Congo Basin water resources. The 

hydrometeorological observation network in the Congo Basin is very limited, and this 

environment of scarce ground data necessitates the use of remotely-sensed data for 

hydrological modeling.  

This dissertation reports the use of hydrological modeling supported by remotely-

sensed data to 1) characterize precipitation and climate in the Congo Basin, 2) 

characterize daily streamflow across the basin, 3) assess the hydrological response to 

LCLUC, including the additional response caused by climatic feedbacks following 

LCLUC. The study uses rainfall gauge data within the Democratic Republic of Congo 

(DRC) to re-calibrate a TRMM science product. It then describes a physically-based 

parameterization of a semi-distributed hydrological model, augmented with a spatially-

distributed calibration that enables the model to simulate hydrologic processes in the 

Congo Basin, including the slowing effect of the basin’s central wetlands, the Cuvette 

Centrale. Model simulations included scenarios of 25% to 100% conversion of the 

Basins forest cover to agricultural mosaic and compared simulated flows to those of 

the current baseline conditions. The dissertation also reports on the estimated impacts 

of the hydrological response to LCLUC on the river’s hydropower potential.  

Re-calibration of TRMM improved rainfall accuracy at the gauges by 15% and correctly 

captured important rainfall patterns such as the ones representative of the highland climate.  

Model calibration of daily streamflow resulted in a model with high predictive power 

(Nash–Sutcliffe coefficient of efficiency of 0.70) when compared to Kinshasa gauge 

downstream Congo River, near its outlet. Model shows realistic seasonal and spatial 

patterns that can be explained by the ITCZ-driven rainfall patterns in the Congo Basin. 



  

Models of the direct effects alone of 25% to 100% forest conversion produce increases in 

peak flows of 7% to 8%, respectively, relative to the baseline, and decreases in low flow 

of 1% and 6%, for 75% and 100% forest conversion respectively, relative to the baseline. 

However, 25% and 50% forest conversion produce increases in low flows of 3% and 1% 

respectively indicating a possible sensitivity of the hydrological response to the spatial 

variability of forest conversion. Models of the combined direct and indirect effects of 25% 

to 100% conversion produce decreases in peak flows of 7% to 5% respectively and 

decreases in low flow of 8% to 11% respectively. Model estimates of the impacts on 

hydropower potential range from 11% decrease during dry season to 10% increase during 

rainy season, with greater impacts (year-round decrease) for increasing LCLUC models 

including indirect effect. The modeled loss in hydropower potential during dry season 

reaches -5,797 MW corresponding to the hydropower potential of countries such as 

Zambia or Angola and of grand projects such as the Grand Ethiopian Renaissance Dam. 

The dissertation has showed the adequacy of TRMM precipitation products for Congo 

Basin rainfall regime representation and daily flow estimation particularly in capturing 

the timing and the seasonality of the flow. The results of these modeling efforts can be 

useful in research and decision-making contexts and validate the application of 

satellite-based hydrologic models driven for large, data-scarce river systems such as 

the Congo Basin by producing reliable baseline information.  

We recommend a prioritization of further data collection and more gauges installation 

required to enable further satellite-derived data calibration and models simulations. 

Likewise, the results from LCLUC analysis support the need for field campaigns to 

better understand sub-watersheds responses and to improve the calibration of currently 

used simulation models.  
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Chapter 1: Introduction 

 

1.1.Background of the research 

1.1.1. Current context 

Our understanding of the Congo Basin’s hydrology is very limited by a lack of 

quantitative data and models, although it is essential for efficient management, present 

and future, of the basin’s water resources.  The Congo Basin is the world’s second 

largest river basin, with a drainage area of over 3.5 million square kilometers, notable 

for its large internal bowl-shaped depression, referred to as the Cuvette Centrale, which 

lies in the center of the basin. 

Centrally located and with the greatest water resources in Africa, the basin is a vital 

resource for a continent with increasing needs for safe water and energy (Mandelli, S 

et al, 2014). The rainfall regime of the Congo Basin, to whom the Congo River owes 

its regular regime year-round, is a major component of the water cycle, being a source 

of freshwater, defining conditions for diverse ecosystems, and enabling economic 

activities such as rainfed agriculture. 

The drainage basin of the Congo River includes parts or the whole of ten countries: 

The Democratic Republic of the Congo, the Central African Republic, the Republic of 

Congo, Angola, Zambia, Tanzania, Cameroon, Burundi, Rwanda and South Sudan. All 

of 10 of Congo Basin countries are developing countries, a paradox considering the 

availability of water resources and their importance in socio-economic development. 
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In spite of the abundance of water, these countries face serious water-related issues 

such as limited access to safe drinking water, energy poverty and economic 

vulnerability. The last is based on the instability of and the significant dependence on 

agricultural production. Yet, in a region where water availability is not a limiting factor, 

its proper management would favor economic development principally by augmenting 

the primary and secondary sectors, production and transformation of raw material. 

However, with Africa being the most vulnerable continent to climate change, Congo 

Basin countries are exposed to and defenseless against natural disasters caused by water 

such as flood or erosion. 

The Congo Basin streams and rivers are susceptible to human activities in the 

region, most notably by the ongoing loss of forest cover. The interactions between 

hydrology and the ecosystem are particularly very strong in the humid tropics. The 

distribution of vegetation influences the flow of water, while the presence of water 

makes the very existence of the ecosystem possible (Brauman et al. 2007). Forest 

conversion to rural complex, a characteristic mosaic of forest, plantations and rural 

human settlement (Molinario et al, 2017), could significantly impact downstream flow 

discharge and hydropower potential.  While deforestation and conversion to agriculture 

have been linked to increasing flow magnitude and hydropower potential, model 

studies of the Amazon Basin, a basin of comparable size to the Congo Basin, suggest 

reasons for concern of the effects of large-scale forest loss on the Congo Basin.  Stickler 

et al (2012) wrote, “Tropical rainforest regions have large hydropower generation 

potential that figures prominently in many nations’ energy growth strategies. 

Feasibility studies of hydropower plants typically ignore the effect of future 
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deforestation or assume that deforestation will have a positive effect on river discharge 

and energy generation resulting from declines in evapotranspiration (ET) associated 

with forest conversion. Forest loss can also reduce river discharge, however, by 

inhibiting rainfall”. This could be the case in the Congo Basin. Alteration, decrease or 

increase, of the streamflow regime could be detrimental to existing infrastructure, 

including the Inga hydropower facility downstream Congo River, a hydroelectric site 

located 150 km upstream from the Congo River’s mouth in the western Democratic 

Republic of the Congo (DRC). The facility is part of the Inga hydroelectric site, the 

largest such installation in Africa, which has a proposed expansion to add the Grand 

Inga dam.  

The Congo Basin thus faces conflicting interests: the development of agriculture 

inducing the intrusion of the rural complex within the forest domain and the 

conservation of the integrity of water resources by keeping the forest cover intact. 

These conflicting interests must be acknowledged by the public and acted upon by 

decision-makers in charge of Congo Basin water and forest resources, particularly in 

the context of regional expansion of hydropower production with the Grand Inga dam. 

As the considerable availability of Congo Basin surface water and its tremendous 

hydropower potential are yet to be exploited, information on the Congo Basin rainfall 

and streamflow regimes are of crucial importance. Quantitative baseline information 

would enable a greater understanding of the basin’s hydrology, which is necessary for 

the current and future management of Africa’s water resources.   

To monitor rainfall and streamflow discharge over an area, timely information on 

precipitation dynamics and timely information on flow regime are measured and 
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distributed by meteorological station networks and by hydrological station networks 

respectively. In the Congo Basin, the hydrometeorological observation network is 

limited. In cases such as these where ground data are scarce, the application of 

remotely-sensed data for hydrological modeling is required. In data scarce 

environment, remote sensing of water resources combined with modeling has 

significantly contributed to research and operational applications such as precipitation 

estimation for forecasting, soil moisture for irrigation programming and estimation of 

inundated areas for floodplain management. It has thus advanced the quantitative 

understanding of hydrographic basins worldwide such as the Amazon, the Yangtze, the 

Nile and others and helped solve some of the most challenging water-related problems. 

However, the Congo Basin is one of the least studied major river basins (Alsdorf et al 

2016). 

1.1.2. Remote Sensing of Congo Basin water resources: rainfall and streamflow current 

state of knowledge 

The Congo Basin has been investigated as a part of continental and sub-continental 

studies of Africa and the Central Africa region. These previous studies provide some 

information for use in studies specifically of the Congo Basin.  

For rainfall, meteorological stations are poorly distributed across Africa. As a result, 

rainfall regimes in Africa have not been sufficiently quantified due to the lack of ground 

information. Several researchers, such as Nicholson (2000), Dinku et al. (2007) and 

others, have used historical ground station information to characterize rainfall regime 

and seasonality at the continental scale, a challenging task in the context of a sparse 

and deteriorating gauge network. Alternatively, satellite rainfall estimates are being 
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used extensively to replace or augment ground data, thanks to their temporal continuity 

and full spatial coverage. Satellite-based estimates of rainfall from the joint 

NASA/JAXA Tropical Rainfall Measuring Mission (TRMM) are one of those data. 

Validation studies of TRMM precipitation data within Africa present a reasonable level 

of accuracy, although they also suggest an underestimation in areas with few rainfall 

gauges such as the Congo Basin (Huffman et al 2014; Bitew and Gebremichael 2011). 

Nicholson et al (2019) has evaluated 10 different satellite-derived precipitation 

products over the Congo Basin. They found that the gauge-calibrated products’ 

performance was notably poorer in recent years (1998–2010), when the station network 

was sparse, than during the period 1983–1994, when the dense station network 

provided more reliable estimates of rainfall. They concluded that gauge data have a 

strong impact on the various satellite-derived products and that there is a need to have 

access to such gauge data, in order to produce reliable rainfall estimates from satellites 

for the Congo Basin. 

For surface water, recent remote-sensing studies of the Congo Basin’s 

hydrology include various wetland characterization products, historical streamflow 

modeling as well as impact assessment of future climate changes on Congo River major 

tributaries. Producing high-resolution models of current daily streamflow capturing 

flow seasonality, timing and magnitude is challenging, although it is possible as well 

as providing statistical evaluation of model outputs. 

1.1.3. Hydrological modeling 

Integrating remote sensing and hydrological modeling particularly for ungauged 

catchments has offered great opportunities for better management of water resources 
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but also for research, due to the need for fine-scale spatial and temporal information. 

This has been verified for a wide range of applications including mitigation of 

hydrometeorological hazards and extremes (Nikolaos et al 2019), navigation operation 

(Fernandez et al 2010), irrigation programming (Al‐Abed et al 2002), operational 

implementation in major basins of Africa and Asia for Famine Early Warning Systems 

(Verdin et al 2005) and others. 

Hydrological models may be statistical, physically based or conceptual. Statistical 

models are based on associations between hydrological variables using long-term 

records. They describe the data and the form and strength of the relationships between 

variables. Physically based hydrologic models are based on known scientific principles 

of energy and water fluxes, while conceptual models are based on conceptual estimates 

of storages and other model parameters that require calibration, without explicitly 

considering fluxes (Islam 2011). Physically based distributed hydrologic models are 

meant to minimize the deficiencies of the conceptual models, although they might also 

require calibration. Hejazi and Moglen (2008) summarized their review of physically 

based models findings by stating: “Continuous streamflow models may be used to 

better understand the hydrologic response of a watershed to changing conditions in 

climate and land use. Such models are driven by weather data time series such as 

precipitation, temperature, and soil moisture. The models can be calibrated to achieve 

an agreement between simulated and observed flows for some selected hydrologic 

input values. Once calibrated, climate and/or land use may be varied to study their 

effects on streamflows”. 
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A data-scarce system such as the Congo Basin one would benefit from modeling efforts 

leading to accurate representation of its hydrological processes. 

1.2.Research goals and objectives 

This research seeks to characterize two major hydrological processes in the Congo 

Basin, rainfall precipitation and streamflow, as well as hydrological responses to Land 

Cover Land Use Change (LCLUC) using remotely-sensed data.  The methods and 

findings resulting from the work can contribute directly to the characterization of 

hydrological processes in data-scarce environment, as well as to the quantification of 

regional and global and regional water cycles. The research tests and reports the use of 

limited rainfall gauge data within the Democratic Republic of Congo (DRC) to re-

calibrate a TRMM science product (TRMM 3B42, version 6) in characterizing 

precipitation and climate in the Congo Basin. 

The research applies remotely-sensed data in hydrological modeling of the Congo 

Basin streamflow. Physically-based parameterization is augmented with a spatially-

distributed calibration that enables the USGS Geospatial Streamflow Model 

(GeoSFM), a semi-distributed hydrologic model, to simulate hydrologic processes in 

the Congo Basin. A particular aspect is the slowing effect on flow of the Cuvette 

Centrale, the low lying bowl-shaped depression in the center of the basin, which 

gradually release water downstream through a diffuse channel. This research assesses 

the hydrological response to land cover and land use change (LCLUC) in the Congo 

Basin and to the climatic feedback induced by LCLUC. It also investigates the resulting 

impact of this hydrological response on Congo River hydropower potential.  
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The major research objectives are the following: 

1) Re-calibrate a TRMM science product (TRMM 3B42, version 6) on a monthly 

scale by using rainfall gauge data from 12 gauges within the Democratic 

Republic of Congo (DRC) and a statistical model, in this case a regression-tree 

algorithm, to characterize rainfall regime and climate in the Congo Basin. 

2) Produce a quantitative baseline of contemporary daily-flow discharge using a 

physically-based hydrological model driven by satellite-derived data. 

3) Build from the physically-based modeling effort (objective 2) to simulate the 

impact of LCLUC scenarios on daily flow at the Congo River at Inga. 

1.3.Structure of the dissertation 

This dissertation consists of three research components which are detailed in Chapters 

2-4. Although these chapters were originally written in a self-contained format 

prepared for journal submission, they have been condensed in the dissertation to avoid 

redundancy. Chapter 5 summarizes the findings, provides a discussion of the overall 

conclusions, and suggests directions for future research.  
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Figure 1.1 Structure of the dissertation 
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Chapter 2: Characterizing Congo Basin rainfall and climate 
using Tropical Rainfall Measuring Mission (TRMM) satellite 
data and limited rain gauge 
 

 

2.1. Introduction 

Rainfall plays many important roles in the earth system, including being the primary 

source of fresh water, defining conditions for diverse ecosystems, and enabling 

economic activities such as agriculture. As such, rainfall information from any given 

hydrological system is of crucial importance. To monitor rainfall over an area, timely 

information on precipitation dynamics are measured and distributed by meteorological 

station networks. Unfortunately, many of these networks are poorly distributed across 

the globe in general and across Africa in particular. As a result, rainfall regimes in 

Africa have not been sufficiently quantified due to a lack of ground rainfall data. Few 

authors, such as Nicholson (2000), have used historical ground station information to 

characterize rainfall regimes and seasons at the continental scale. However, with station 

data being sparse, not covering concurrent time periods, and having incomplete time 

series, achieving consistency is a challenge. Speaking particularly about Africa, Dinku 

et al. (2007) wrote: “The number of rain gauges throughout Africa is small and 

unevenly distributed, and the gauge network is deteriorating. Satellite rainfall estimates 

are being used widely in place of gauge observations or to supplement gauge 

observations.”  The lack of ground observations has led to the necessity of exploring 
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alternative solutions such as satellite rainfall estimates to replace or augment ground 

data. 

The extensive data records of gridded, satellite-based rainfall estimates at a 

variety of spatial resolutions provide improved means for the continental-scale 

mapping of rainfall regimes (Herrmann and Mohr, 2011). This fact has motivated 

recent advances in rainfall characterization with satellite precipitation products. 

Rainfall classifications such as Dinku et al.’s (2007, 2008 and 2010) or Herrmann and 

Mohr’s (2011) offer improved rainfall products for Africa. They have higher spatial 

resolutions than ground-based products and are generated from data with temporal 

continuity.  

The Congo Basin in Central Africa is one of the river systems where ground 

data availability is a limiting factor to rainfall regime characterization. In such cases, 

satellite-based estimates of rainfall can be used to quantify rainfall patterns.  Data from 

the joint NASA/JAXA Tropical Rainfall Measuring Mission (TRMM), operational 

since January 1998, are one such example. Throughout the last decade, validation 

studies performed using TRMM precipitation data within Africa present a reasonable 

level of accuracy  (Adeyewa and Nakamura, 2003; Nicholson et al., 2003; Dinku et al., 

2007, 2010; Roca et al. 2010). However, these studies of TRMM products also suggest 

a slight underestimation of monthly mean rainfall and increased uncertainties for some 

areas. TRMM science products such as the monthly TRMM 3B43 Version 7 dataset 

(Huffman and Bolvin, 2014) have been found to have limited accuracy even though 

they are calibrated using rain gauge data from the Global Precipitation Climatology 

Centre (GPCC) (Rudolf, 1993; Rudolf et al., 1994; Huffman et al., 1997; Huffman and 



 

 

12 
 

Bolvin, 2012), specifically Version 6 Full GPCC Data reanalysis (Huffman and Bolvin, 

2014). A reason adduced for this is the sparseness of GPCC gauge locations. The 

Congo Basin is one such region lacking GPCC gauge locations for the period of study 

(from 1998 to 2007) due to their absence in the Democratic Republic of Congo (DRC), 

which covers 60% of the Congo Basin watershed. Because most of the GPCC gauges 

are concentrated in more seasonal regions adjacent to the Congo Basin, there is reason 

to believe that algorithms developed to calibrate TRMM science products in Africa 

likely favor the arid influence of these stations. As such, it is worth investigating the 

performance of TRMM 3B43 products over the Congo Basin. 

Regarding deficiencies in current gauge-calibrated analyses of Africa, Huffman 

et al. (2014) reported that it will continue to be the case that some underdeveloped 

areas, such as Central Africa, will have greater uncertainty due to a lack of gauge inputs 

(Huffman and al., 2014). Bitew and Gebremichael (2011) demonstrated that gauge-

calibrated products likely have low accuracy for regions lacking rain gauge data. After 

comparing integrated satellite-gauge rainfall products to satellite-only products for the 

Nile Basin, they suggested that users forego the conventional notion that satellite 

rainfall products that incorporate GPCC rain gauge data have higher accuracies than 

satellite-only products (Bitew and Gebremichael, 2011). The mentioned limitation has 

also been attributed to the deficiency in gauge observations. A limited number of 

gauges in sparse regions have been reported to be unsuitable for Huffman et al’s (1997) 

merging analysis for TRMM science products.  Given these findings, alternative 

methods for gauge-sparse regions are warranted.     
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The purpose of this chapter is to test a calibration that uses limited/sparse in situ 

gauge data for Congo Basin precipitation characterization. A generic feature space, or 

set of independent variables, is used to extrapolate the limited gauge data to the Basin-

scale using TRMM 3B42 Version 6 inputs and a regression tree algorithm.  

We re-calibrate TRMM 3B42 Version 6 satellite-derived rainfall data for the 

Congo Basin using concurrent ground data from rain gauges located in the DRC.  The 

3B42 daily rainfall data are derived from 3-hourly observations as part of the TRMM 

Multi-satellite Precipitation Analysis. These data consist of merged microwave, 

infrared and spaceborne radar inputs and incorporate gauge data where feasible from 

the Global Precipitation Climatology Centre (GPCC) and from the Climate Assessment 

and Monitoring System (CAMS) (more details on the gauge analysis in Huffman et al. 

2007). In the absence of Basin-wide rainfall data concurrent to TRMM 3B42 Version 

6 to evaluate the output, we compare the re-calibrated TRMM rainfall data with 

WORLDCLIM isohyets derived from longer-term historical records (Hijmans et al., 

2005). We also include a comparison of our modeled monthly precipitation estimates 

and WORLDCLIM data with the latest TRMM gauge-calibrated standard monthly 

product, the Version 7 TRMM 3B43 data set.  

In a region where the climate is principally driven by precipitation, accurate rainfall 

data are required to characterize regional climates.  We therefore propose a 

classification of the Congo Basin climate using our re-calibrated TRMM data and 

temperature grids and compare it with climates derived using the TRMM 3B43 Version 

7 and the TRMM 3B42 Version 6 data.  Finally, we discuss seasonal rainfall patterns 

across the Basin and relate monthly rainfall estimates to stream gauge data.  Our goal 
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is to assess standard and regionally-calibrated TRMM products for future Basin-scale 

hydrological modeling of the Congo Basin that will employ the improved rainfall data 

in characterizing Basin streamflows. A climate classification will be used as the basis 

for grouping rivers and streams by climate type within the Congo Basin in order to 

facilitate comparisons of runoff characteristics. 

 

2.2. Data 

2.2.1. Precipitation Data 

2.1.1.1 TRMM Precipitation Data and data limitations for the Congo Basin 

precipitation system 

We wanted to select the most accurate and most uniformly processed TRMM 

precipitation products for the time frame coincident with available recent in situ gauge 

data (1998-2007). When comparing Versions 6 and 7 TRMM Multi-satellite 

Precipitation Analysis (TMPA) precipitation products, TRMM data producers 

Huffman and Bolvin (2014) reported that products series for Version 7 were 

retrospectively processed back to 2000 and not before. More relevant to our purpose is 

the need to maximize the record’s length coincident with available gauge data for the 

DRC.  Version 6 of the TRMM science product 3B42 (Huffman, 2013) was 

consistently produced from 1998 to 2007.  We consider the extra years valuable for 

model calibration and chose to employ the Version 6 of TRMM 3B42 product as our 

model inputs. These inputs are employed to estimate precipitation at a 3-hour temporal 

resolution and a 0.25° by 0.25° spatial resolution in a global belt extending from 50°S 
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to 50°N latitude. Daily accumulations of the data are processed and hosted at USGS 

EROS. The 0.25o TRMM 3B42 Version 6 product has complete spatial coverage for 

Africa. The daily grids from 1998 to 2007 were summed to a monthly interval. These 

monthly aggregate 3B42 data (hereafter “TRMM 3B42”) are used as inputs for re-

calibration by monthly local gauge data and are made comparable to the TRMM 3B43 

monthly product.  For the purposes of comparison, we chose to use the most recent 

version of the GPCC gauge-calibrated TRMM 3B43 standard science product (Version 

7).  

Limitations of TRMM real-time products and science products have been 

documented in detail and include underestimation of convective and stratiform rain 

regimes. Huffman et al. (2007) quantified gaps in 3-hour combined microwave 

precipitation estimates that can omit convective precipitation events in TRMM 3B42 

Version 6 product.   There is also a lack of sensitivity to light precipitation that results 

in regionally dependent underestimation of rainfall in the TRMM 3B42 archive 

(Huffman and Bolvin, 2012). Comparing TRMM Real Time estimates from heavy, 

convective warm-season regimes and light, stratiform, cool-season regimes, Ebert et 

al. (2007) found convective rain better quantified by TRMM Real Time data. 

These TRMM product limitations have a direct impact on rainfall regime estimation in 

the Congo Basin. Due to the Congo Basin’s location straddling the equator, convective 

and convergence systems are predominant. They are controlled by the northward and 

southward movement of the Intertropical Convergence Zone and by the eastward and 

westward movement of the Congo Air Boundary (Tierney et al., 2011). Convective 

systems are fast moving, of small extent and short duration and are characterized by 
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thunderstorms and squall lines. Stratiform or frontal rainfall generated by convergence 

systems is usually slow moving, of large extent and low intensity.  For the entire tropics 

however, Houze (1997) has suggested that even though most precipitation in the tropics 

appears to be convective, the tropics show large radar echoes composed of convective 

rain alongside stratiform precipitation, with the stratiform echoes covering large areas 

and accounting for a large portion of tropical rainfall. However, even if a significant 

portion of tropical rainfall is stratiform, Schumacher and Houze (2003) cited Central 

Africa as one of the areas where convective rain amounts are high and stratiform rain 

fractions low (20%-30%). 

 

2.1.1.2 Ground Precipitation Data 

For this chapter, data on precipitation regime were obtained from 12 meteorological 

stations within the Democratic Republic of the Congo (DRC) and managed by the DRC 

meteorological agency, Agence Nationale de Météorologie et de Télédétection par 

Satellite (METTELSAT). The ground precipitation data reported in this nationally-held 

dataset are concurrent with TRMM observations. The limited number of operational 

stations represents a sparse and unevenly distributed rainfall gauge network within the 

DRC. Concerns of non-representativeness of the stations sample can be legitimately 

raised. However, it has been demonstrated that the general spatio-temporal variation of 

rainfall over Africa can be described using time series from a few selected regions 

(Nicholson, 2000).  While such an approach has limitations over large areas, it is 

posited here that the different rainfall regimes of the Congo Basin can be described 

with the available ground measurements.  In addition, the proposed method generalizes 
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the relationship between the ground data and TRMM 3B42 inputs using a geographic 

and time-insensitive feature space (see Methods).  Figure 2.1 shows the extent of the 

Congo Basin and the locations of available time-series precipitation data from ground 

gauge measurements vs. GPCC gridded precipitation gauge stations locations for year 

2005.   

 

Figure 2.1 The Congo Basin with GPCC gridded precipitation gauge stations locations (dark 
gray squares for the ones in the Basin and light gray squares for those outside the Basin) for 
year 2005 available via the Visualizer from http://kunden.dwd.de/GPCC/Visualizer. In black 
squares, the 12 precipitation gauge stations locations used in this chapter. 
 
 

http://kunden.dwd.de/GPCC/Visualizer
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2.1.1.3 WORLDCLIM Climatological Precipitation Data 

The independent validation dataset used for this chapter is the WORLDCLIM 

precipitation model of Hijmans et al. (2005). WORLDCLIM data are used to validate 

the monthly mean re-calibrated TRMM product averaged over the 10 years of study 

(1998-2007).  WORLDCLIM interpolated grids have been developed for global land 

areas at a spatial resolution of 30 arcs second (1 km). In Hijmans study, WORLDCLIM 

monthly mean rainfall were averaged over 10 years for the Congo Basin with most of 

the records preceding 1960 for the Democratic Republic of the Congo.  Hijmans et al. 

(2005) aggregated WORLDCLIM monthly mean precipitation data from historical 

records collected during the colonial period in the Congo Basin, meaning 

WORLDCLIM monthly mean data are not concurrent to the timeframe of the present 

chapter (1998 - 2007). However, despite the difference between the time periods of the 

datasets, the Basin-wide coverage of WORLDCLIM affords a valuable basis for 

intercomparison, assuming no significant recent climate change within the region.  

In the absence of ground information concurrent to TRMM, long-term averaged 

observed rainfall data have been used extensively to perform climatological validation 

of TRMM products (in West-Africa by Nicholson et al., 2003; in Cyprus by Gabella et 

al., 2006, 2008 and many others).  In addition, a long-term record of 45 years (1960-

2005) available for one station of the Congo Basin at Kinshasa (Figure 2.2) shows a 

relatively steady, even slightly upward trend of the annual rainfall over these years.  A 

more recent study (Zhou et al, 2014), quantified a more recent decline in Basin-wide 

precipitation for selected months.  Our decadal-scale approach should be less sensitive 



 

 

19 
 

to such variations.  However, reservations could be raised concerning the comparison 

of dated WORLDCLIM and more recent TRMM precipitation estimates. 

 
Figure 2.2 Annual Total Precipitation (mm) at Kinshasa/N'djili Station (1961 - 2006). 

 

2.2.2. Temperature data 

WORLDCLIM mean temperature grids are used in combination with TRMM 3B42 

and re-calibrated TRMM as well as TRMM 3B43 data to map new climate 

classifications for the Congo Basin with respect to rules from the Köppen–Geiger 

climate classification system (Köppen, 1918, see also 1884 republished in 2011; Kottek 

et al., 2006; Peel et al., 2007). The climate in the Congo Basin is principally driven by 

the rainfall with slight influences of temperature. There are no thermal seasons with the 

temperature representing a uniform picture and low annual range. Only the high 

altitudes of the eastern and southern fringes of the Basin have a maximum of 4° annual 

temperature range. 

2.2.3. Climate data 

Updated Köppen-Geiger Climate data (Peel et al., 2007) were used for spatial 

comparison with TRMM-derived climate classification products in the Congo Basin. 
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The updated Köppen-Geiger (K-G) dataset has a spatial resolution of 0.1 degree 

lat/long. The climate system characterized by Peel et al. (2007) is based on global 

annual and monthly averages of interpolated temperature and precipitation data. 

Climate variables (temperature and precipitation) used in the K-G system were 

calculated at each station and interpolated between stations using a two-dimensional 

(latitude and longitude) thin-plate spline onto a 0.1°x0.1° grid for each continent 

(more details on the analysis in Peel et al. 2007). 

 

2.3. Methods 

2.3.1. Rainfall estimation 

A regression tree algorithm was used to relate TRMM 3B42 data to gauge data. 

Regression trees are distribution-free models that reduce the overall sum of squares for 

a continuous dependent variable, in this case precipitation, by recursively partitioning 

the data set into less varying subsets, referred to as nodes (Breiman et al, 1984).  For 

ease and speed of implementation, we employed a bagging methodology to avoid 

overfitting of the model (Breiman 1996).  The first step consisted of preparing 25 

samples, each consisting of 10% of the population of 10 years (1998-2007) of monthly 

rainfall observed at the 12 gauges. The sampled data sets were used to build 25 

regression trees and the median of the 25 model results was taken as the final estimate. 

The tree models predicted the sampled population of monthly rainfall data observed at 

the 12 gauges using 9 independent variables (statistics) generated from daily TRMM 

3B42 observations. The variables included TRMM 3B42 monthly total, TRMM 3B42 

monthly average, minimum, 10th percentile, 25th percentile, 50th percentile, 75th 
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percentile, 90th percentile and maximum rainfall.  All input variables were created 

without regard to specific month or specific region, enabling the creation of a generic 

feature space for Basin-wide extrapolation.  After model application, each grid cell over 

the Congo Basin was assigned a series of re-calibrated monthly precipitation values 

from 1998-2007.  These 10 years of re-calibrated TRMM monthly total were then 

averaged to generate rainfall climatology or monthly rainfall records. 

2.3.2. Climatological validation of re-calibrated TRMM data 

WORLDCLIM climatological historical isohyet ranges (Hijmans et al., 2005) were 

compared with re-calibrated monthly and annual precipitation data to validate model 

outputs. The long-term isohyet data were derived from a rich, if dated, historical record.   

The standard error of the predicted value (STEYX) for each x in the regression, the 

mean bias error (MBE), the root mean square error (RMSE) and coefficients of 

determination (r²) were used to measure the correspondence of the TRMM 3B42, 

TRMM 3B43 and re-calibrated TRMM data to the historical precipitation record. The 

comparison was made for the 30072 grid cells constituting the Congo Basin. In 

addition, biases which express systematic differences were calculated for every month.  

The expression for the STEYX used for evaluation is given below: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �
1

(𝑁𝑁 − 2)
�𝛴𝛴(𝑦𝑦 − ȳ)2 −

[𝛴𝛴(𝑥𝑥 − x̅) (𝑦𝑦 − ȳ)]²
𝛴𝛴(𝑥𝑥 − x̅)²

� 

Where: x = WORLDCLIM rainfall values, y = satellite rainfall predicted-value, x‾ and 

ȳ = their corresponding means, and N = number of data pairs. 

Mean bias error and root mean square error were calculated as follows: 
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𝑀𝑀𝑀𝑀𝑆𝑆 =
[𝛴𝛴(𝑆𝑆 − 𝐺𝐺)]

𝑁𝑁
 

𝑅𝑅𝑀𝑀𝑆𝑆𝑆𝑆 = �[𝛴𝛴(𝑆𝑆 − 𝐺𝐺)2]
𝑁𝑁

 

Where: G=gauge rainfall measurement, S=satellite rainfall estimate and N=number of 

data pairs. MBE and RMSE are measured in millimeters. 

The expression for the bias statistic used for evaluation is given below: 

𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵 =
𝛴𝛴 𝐶𝐶
𝛴𝛴 𝐼𝐼

 

Where: I=interpolated rainfall grid and C=satellite rainfall estimate. Bias is 

dimensionless. 

Note that pre-calibration, the coefficient of determination (r²), the mean bias error 

(MBE) and the root mean square error (RMSE) were also used to evaluate the 

performance of TRMM 3B42 satellite products in estimating the amount of the rainfall 

based on comparison at gauges with observed data concurrent to TRMM 3B42.  

 

2.3.3. Rainfall and temperature-based climate characterization 

From the precipitation products and the WORLDCLIM temperature products, spatially 

explicit climate maps for the Congo Basin were created following the Köppen climate 

classification rules shown in Table 2.1 (Köppen, 1918, 2011; Kottek et al., 2006; Peel 

et al., 2007). Precipitation products were averaged to mean monthly rainfall over the 

period of observation (10 years for TRMM 3B42, TRMM 3B43 and re-calibrated 

TRMM precipitation data).  A similar averaging procedure was performed by Hijmans 

et al. (2005) for the WORLDCLIM temperature grids.  
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A climate system characterized by Peel et al. (2007) based on the annual and monthly 

averages of interpolated temperature and precipitation data was compared to the new 

climate classifications, where the interpolated precipitation data were replaced by 

TRMM 3B42, TRMM 3B43 and re-calibrated TRMM-derived precipitation.  These 

three maps were compared to the map of Peel et al. (2007) to quantify climate type 

extent and overall agreement. Quantitative agreement was assessed by comparing the 

reference dataset (Peel’s map) with the re-calibrated TRMM-derived classified images. 

A confusion matrix, a common image classification accuracy assessment technique 

including overall, producer's and user's accuracy was employed. In the absence of a 

regional classification for the Congo Basin, the Peel et al. (2007) K-G climate 

classification is used in this chapter as the default reference. 
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Table 2.1 Key Description of Köppen climate symbols and defining criteria - Adapted from 
Kottek et al. (2006) and Peel et al. (2007) for the Central African region.  

Type Description Criterion 

 1st  
2n

d        
A  Equatorial Climates  Tmin ≥ +18 °C 
Af  Equatorial rainforest, fully humid  Pmin ≥ 60 mm 
Am  Equatorial monsoon  Not (Af) and Pann ≥ 25(100−Pmin) 

Aw  
Equatorial savannah with dry 
winter  

Not (Af) and Pmin < 60 mm in 
winter 

B  Arid climates  Pann < 10 Pth 
BS  Steppe climate  Pann > 5 Pth 
BW  Desert climate  Pann ≤ 5 Pth 

 h  
Hot steppe / 
desert Tann ≥ +18 °C 

 k  
Cold steppe 
/desert Tann < +18 °C 

C  Warm temperate climates  −3 °C < Tmin < +18 °C 

Cs  
Warm temperate climates with dry 
summer  

Psmin < Pwmin, Pwmax > 3 Psmin, 
Psmin < 40 

Cw  
Warm temperate climates with dry 
winter  

Pwmin < Psmin and Psmax > 10 
Pwmin 

Cf  
Warm temperate climates, fully 
humid  neither Cs nor Cw 

 a  Hot summer Tmax ≥ +22 °C 

 b  
Warm 
summer 

not (a) and at least 4 Tmon ≥ +10 
°C 

 c  
Cold 
Summer not (b) and Tmin > −38 °C 

H   Highland climate   Tmax < +10 °C 
The annual mean near-surface (2 m) temperature is denoted by Tann and the monthly mean 
temperatures of the warmest and coldest months by Tmax and Tmin, respectively. Pann is the 
accumulated annual precipitation and Pmin is the precipitation of the driest month. Additionally 
Psmin, Psmax, Pwmin and Pwmax are defined as the lowest and highest monthly precipitation values 
for the summer and winter half-years on the hemisphere considered. All temperatures are given 
in °C, monthly precipitations in mm/month and Pann in mm/year. In addition to these 
temperature and precipitation values, a dryness threshold Pth in mm is introduced for the arid 
climates (B), which depends on {Tann}, the absolute measure of the annual mean temperature 
in °C, and on the annual cycle of precipitation. Pth varies according to the following rules (if 
70% of Pann occurs in winter then Pth = 2 x Tann, if 70% of Pann occurs in summer then Pth = 2 x 
Tann + 28, otherwise Pth = 2 x Tann + 14). Summer (winter) is defined as the warmer (cooler) six 
month period of ONDJFM and AMJJAS. Tmon denotes the mean monthly temperature in °C. A 
third letter (2nd column) is included to indicate temperature. 
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2.4. Results 

 

2.4.1. Comparison of ground rain gauge and TRMM 3B42 data 

TRMM precipitation data from the Version 6 3B42 product used in this chapter were 

compared to within-region rain gauge data. Monthly precipitation data for four gauges 

from the 12 total used for calibration are shown plotted against concurrent TRMM 

3B42 data (Figure 2.3).  The graphs illustrate the strong seasonal rainfall patterns within 

the Congo Basin. During the rainy season months, an increase in rainfall can be 

observed, with a corresponding minimum rainfall during the dry season months.  The 

plots of Figure 2.3 also show in most cases a tendency towards underestimation of 

monthly rainfall, most noticeably during the rainy season. The underestimation varies 

from station to station with mean bias error (MBE) having mostly negative values 

ranging from -57 to -3 mm. The relatively poor performance exhibited by the product 

varies from station to station, with low coefficients of determination r² of the monthly 

rainfall ranging from 0.15 to 0.70 and by relatively high root mean square errors 

(RMSE) ranging from 56 to 112 mm.
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Figure 2.3 TRMM 3B42 Version 6 monthly rainfall accumulation (mm) of 10 years (1998 - 2007) compared with concurrent observed in situ data 
from gauges. MBE and RMSE are in mm. 
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2.4.2. TRMM re-calibration 

The differences in monthly precipitation totals for the 3B42, 3B43 science product and 

re-calibrated TRMM data for the entire Basin are shown in Figure 2.4. When compared 

to WORLDCLIM climatological data, TRMM 3B42 data underestimates rainfall totals 

by 12% Basin-wide. The 3B43 and re-calibrated rainfall estimates add 13% and 15% 

more precipitation to the total annual rainfall, respectively, compared with TRMM 

3B42 estimates.   Figure 2.5 shows the fractional augmentation of precipitation by 

month of the 3B43 product and the re-calibration of this chapter.  All months gain 

precipitation with dry season months (i.e. November to March in the Northern 

hemisphere and May to September in the Southern hemisphere) receiving 

proportionally greater augmentations. The largest proportional disagreement can be 

seen in the southern hemisphere dry season, where the 3B43 product adds less rainfall 

proportionally than the re-calibration of this chapter. Results of these data sets are 

compared with TRMM 3B42 and WORLDCLIM data in Figure 2.6.  In all products, 

the seasonal rainfall regime is evident. The position of the basin across the Equator 

subjects the Congo Basin to an alternating seasonal pattern between the southern and 

northern hemispheres. The passage of the Intertropical Convergence Zone (ITCZ) 

results in two local rainy and dry seasons of varying length and intensity. 
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Figure 2.4 Rainfall regime monthly averages for the Congo Basin. 
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Figure 2.5 Monthly fractional augmentation of TRMM 3B42 Version 6, average per grid cell 
for a) re-calibrated TRMM with DRC gauge data for the Congo Basin north of the equator and 
b) TRMM 3B43 Version 7 data for the Congo Basin north of the equator, c) re-calibrated 
TRMM with DRC gauge data for the Congo Basin south of the equator and d) TRMM 3B43 
Version 7 data for the Congo Basin south of the equator. 
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result in uniformly decreasing standard errors of the estimate and root mean square 

errors and corresponding increasing r2 values (Table 2.2). Significance tests revealed 

that all reported correlations are highly significant with p<0.01 for 30072 observations.  

The general improvements validate the regression tree model in the re-calibration of 

TRMM data. In addition, with values closer to 1, bias measures show improvements 

made for every month but July and August which correspond to the months with lowest 

rainfall totals for the entire Congo Basin (Table 2.2 and 2.6). 

The same comparison was done for the 3B43 and WORLDCLIM precipitation data. 

Results in Table 2.2 demonstrate that STEYX of this product is generally greater than 

the re-calibrated TRMM one, and even greater than the TRMM 3B42 in some cases. 

Re-calibrated TRMM’s r² and TRMM 3B43 r² are generally similar except in some 

cases where the re-calibrated TRMM have a stronger correlation to WORLDCLIM 

precipitation data. Both TRMM 3B43 and re-calibrated TRMM have similar biases 

with values mostly close to 1, with the 3B43 showing less bias for a majority of the 

monthly values.  MBE values are also generally better using the 3B43 data compared 

to the re-calibrated model of this chapter.  Overall, the re-calibrated TRMM and 

TRMM 3B43 are comparable, indicating that the 3B43 extrapolation from the edges of 

the Basin to its interior in the DRC was successfully performed.  As well, the sparse 

data-driven model from limited DRC gauge data performed well in Basin-wide 

extrapolation. 
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Table 2.2 Basin wide standard errors of the estimate (STEYX), coefficients of determination and bias, mean bias error (MBE) in mm and root mean 
square error (RMSE) in mm for TRMM 3B42 (o), re-calibrated TRMM (r) and TRMM 3B43 (3b), in comparison to WORLDCLIM monthly 
precipitation totals. Best performing products per statistical measure are shown in bold.   

 STEYX
-(o) 

STEYX
-(r) 

STEYX
-(3b) r²-(o) r²-(r) r²-(3b) bias-

(o) 
bias-

(r) 
bias

-
(3b) 

MBE-
(o) 

MBE-
(r) 

MBE-
(3b) 

RMSE
-(o) 

RMSE
-(r) 

RMSE
-(3b) 

JAN 28 25 30 0.85 0.89 0.88 0.86 0.99 1.00 -18.06 -1.30 -0.31 33.86 24.87 30.25 

FEB 27 24 25 0.73 0.84 0.84 0.83 1.05 0.99 -20.57 6.70 -1.61 36.57 24.69 24.67 

MAR 27 22 29 0.63 0.74 0.72 0.79 0.93 0.94 -35.08 -12.13 -10.15 45.75 26.85 30.83 

APR 30 21 29 0.63 0.71 0.66 0.90 0.98 0.94 -15.11 -3.31 -9.29 34.18 24.12 30.83 

MAY 24 20 28 0.86 0.91 0.84 0.91 1.01 0.93 -9.82 1.26 -7.60 27.25 20.72 28.90 

JUN 18 18 18 0.91 0.93 0.94 0.85 1.10 1.01 -10.19 7.03 0.78 25.94 19.71 17.84 

JUL 24 20 20 0.89 0.93 0.93 0.97 1.14 1.03 -2.04 9.68 2.44 25.57 22.57 20.91 

AUG 31 22 27 0.87 0.92 0.91 1.04 1.09 1.15 3.76 8.72 14.07 31.93 25.28 30.52 

SEP 25 19 25 0.89 0.93 0.91 0.85 1.02 1.02 -18.73 2.52 2.60 32.59 23.21 25.02 

OCT 28 20 28 0.84 0.87 0.85 0.90 0.99 1.01 -17.07 -0.44 1.85 33.32 26.77 28.18 

NOV 32 22 33 0.74 0.81 0.74 0.92 1.02 1.04 -12.89 4.08 6.93 34.86 25.86 34.05 

DEC 34 26 29 0.79 0.89 0.89 0.83 0.96 1.00 -24.79 -6.51 1.20 44.01 27.45 29.86 

ANNUAL 188 143 199 0.58 0.70 0.54 0.88 1.01 1.00 -177.78 20.75 5.34 268.30 162.37 212.07 
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Figure 2.6 Mean precipitation for the 12 months of the year and annually; monthly mean of TRMM 3B42 Version 6 (1), monthly mean of re-
calibrated TRMM (2) and monthly mean of TRMM 3B43 Version 7 (3) are compared against monthly mean of WORLDCLIM precipitation data 
(4).The 10 year time series of TRMM 3B42 Version 6, re-calibrated TRMM and TRMM 3B43 Version 7 monthly data were averaged to depict the 
Basin-scale rainfall regime. The position of the basin across the Equator subjects the Congo Basin to an alternate seasonal pattern between the 
southern and northern hemispheres.

January   February   March      April         May         June          July        August   September  October  November December 
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2.4.4. Climate characterization 

Using TRMM 3B43, TRMM 3B42 and re-calibrated TRMM precipitation data and 

WORLDCLIM temperature data grids (Hijmans et al., 2005), digital climate 

classification maps for the Congo Basin were generated, valid for the 10 years of 

TRMM presently studied (1998-2007). With the three TRMM data sets, we quantified 

a Köppen-Geiger map of 7 climate types at a resolution of 0.1 degree lat/long. The map 

and climate type area totals are shown in Figure 2.7 and Table 2.3, respectively. The 

most common climate type by land area is Aw (Tropical savannah) followed by Af 

(Tropical Rain forest), Am (Tropical Monsoon), Cwa (Humid Subtropical), Cwb 

(Temperate), H (Highland) and Bsh (Hot semi-arid). For all products, the tropical 

rainforest climate borders the equator and is surrounded by the tropical monsoon 

climate which in turn is surrounded by the tropical savanna climate.  The temperate-

defined climates are mostly located in the east and south-east highland areas. When 

using the TRMM 3B42 data to derive a climate classification, a zone of hot semi-arid 

climate (Bsh) in the east and south-east of the Basin is erroneously depicted.  In 

addition, the TRMM 3B42 data depict a much narrower band of tropical rain forest and 

monsoon climate domains. This is indicative of the lower monthly and seasonal rainfall 

totals of the TRMM 3B42. 
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Figure 2.7 Köppen–Geiger climate classifications for the Congo Basin using TRMM 3B42 Version 6 precipitation data with WORLDCLIM 
temperature data (left), using TRMM 3B43 Version 7 precipitation data with WORLDCLIM temperature data (center left), using re-calibrated 
TRMM precipitation data with WORLDCLIM temperature data (center right), and that of Peel et al. (2007) (right). The graphs illustrate the re-
calibrated TRMM monthly mean precipitation and WORLDCLIM monthly mean temperature for representative sites in the re-calibrated TRMM-
derived climate map (center). 
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Table 2.3 Classification results by area (km2) and as a percentage of total Congo Basin area (3,700,000 km2). Climate class totals of climate maps 
derived from TRMM 3B42, re-calibrated TRMM and TRMM 3B43 products and the map of Peel et al. (2007). 

Climate class  TRMM 3B42-derived 
climate map (1000 km²) 

Re-calibrated TRMM-derived 
climate map (1000 km²) 

TRMM 3B43 derived 
climate map (1000 km²) 

Peel’s climate map 
(1000 km²) 

Tropical Rain forest (Af) 369 (10%) 627 (17%) 574 (16%) 559 (15%) 

Tropical Monsoon (Am) 361 (10%) 403 (11%) 406 (11%) 474 (13%) 

Tropical wet and dry (Aw) 2689 (72%) 2393 (65%) 2447 (66%) 1932 (52%) 

Temperate (Cwb) 109 (3%) 108 (3%) 98 (3%) 227 (6%) 

Humid Subtropical (Cwa) 153 (4%) 148 (4%) 151 (4%) 482 (13%) 

Highland (H) 28 (1%) 21 (1%) 25 (1%) 0 
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2.5. Discussion 

2.5.1. Model performance 

Contemporary ground data from rain gauges were used to re-calibrate TRMM data with 

the resulting modeled precipitation agreeing with WORLCLIM data.  In general, the 

model was differentially additive in augmenting monthly TRMM 3B42 data (Figure 

2.5).  The 75th percentile and the 90th percentile monthly TRMM metrics derived from 

the daily 3B42 data were the most significant variables among all inputs in predicting 

gauge-measured monthly rainfall totals. These two variables accounted for 44% and 

19% of the reduction of overall sum of squares, respectively.  The first split in the 

bagged trees employed the 75th percentile 16 times with a mean threshold of 1.2mm of 

precipitation.  Less than this value resulted in an average child node of 30mm of 

monthly precipitation, greater than this and the average estimated monthly precipitation 

equaled 172mm.  Another six trees employed the 90th percentile with a mean threshold 

of 3.7mm of precipitation and child nodes of 25mm and 176mm of precipitation. 

Subsequent splits further refined the estimates beyond these initial thresholds.  

Generally, if 10 to 25 percent of the daily rainfall per month was greater than 1.2 to 

3.7mm, that month had mean gauge-measured precipitation greater than 170mm.  If the 

frequency of such rains was less than this, the mean gauge-measured precipitation was 

less than 30mm.  After these two percentile metrics came the monthly 3B42 totals, 

which explained 12% of the model’s reduction in sum of squares.  Results illustrate the 

value of statistical derivatives of the daily data in predicting monthly precipitation.  

However, the generalized bagged regression tree model does not fit well to outliers and 
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there was no sensitivity to monthly rainfall greater than 300mm.   This could be due to 

the limited number of high monthly input observations coupled with a lack of 

separability of these months in the statistical feature space. 

The general deficit observed by the TRMM 3B42 inputs could be explained by omitted 

rainfall events, specifically a lack of sensitivity to different types of rain by TRMM 

sensors. TRMM 3B42 data are known to omit rainy season convective storms, leading 

to possible rainy season underestimation of precipitation.  TRMM 3B42 data are also 

insensitive to light rain events; such light rain events, characteristic of stratiform rain 

in the region, are more frequent during the Congo Basin dry season.  These two sources 

of rain event omission (missing rainy season convective and missing dry season 

stratiform rain events) could explain the general underestimation of rainfall throughout 

the year. 

2.5.2. Climate classification 

Both the 3B43 and re-calibrated TRMM-derived climate maps compare favorably to 

the updated world map of the Köppen–Geiger climate classification of Peel et al. (2007) 

(Figure 2.7 and Table 2.3). However, the temperate and humid subtropical climates are 

significantly more represented in Peel’s map. Peel at al. (2007) explained a source of 

uncertainty for these two classes by reporting: “The low density of temperature stations 

in Africa resulted in some climate types extending further than expected, which could 

not be corrected due to lack of data. The regions where this is most evident are the 

temperate regions in the Eastern Rift Valley. In these regions the temperature stations 

are at high elevation and experience a temperate climate type. However, due to the lack 

of nearby lower elevation temperature stations, the temperate influence of these high 
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elevation stations extends well beyond their immediate location and large regions of 

temperate climate type result in regions that are more likely to be tropical” (Peel et al., 

2007).  The WORLDCLIM temperature data used for this chapter have the slight 

advantage of having fewer spatial data gaps than the temperature data used by Peel et 

al. (2007), resulting in a reduced extent of continental climate types (Cwb and Cwa) 

for all TRMM-derived climate maps (Figure 2.7).  

Table 2.3 compares the different areas of climate classes between the four products.  

Class membership as a percentage of the overall study area varied greatly. At 72%, 

65%, 66% and 52% of the TRMM 3B42 derived climate map, re-calibrated TRMM 

derived climate map, TRMM 3B43 derived climate map, and Peel’s climate map, 

respectively, the tropical wet and dry climate class (Aw) is by far the most abundant in 

Congo Basin. The tropical rain forest class (Af) is the next most plentiful at 10%, 17%, 

16% and 15% of the four respective maps. In the TRMM 3B42 derived climate map, 

the tropical monsoon class (Am) extent equals that of tropical rain forest. 

The derived climate map from 3B43 and from re-calibrated product of this chapter have 

high agreement (91%).  Overall agreement with Peel et al. was 63% when employing 

the climate classification with TRMM 3B42 inputs.  Agreement rose to 69% and to 

70% when using TRMM 3B43 and the re-calibrated TRMM inputs respectively.  The 

tropical rain forest class (Af) agreement increased by 70% and the tropical monsoon 

(Am) class agreement increased by 111% for the re-calibrated product.   While Peel’s 

map cannot be taken as truth, the intercomparison points out some strengths of the 

TRMM-derived climate map using gauge-calibrated product of the present chapter. 

First, the tropical rain forest and monsoon climates are more accurately depicted.  
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Second, the hot semi-arid climate and the hot desert climate are not characterized at all. 

Third, the highland climate is captured. The overall performance of the re-calibrated 

TRMM-derived climate classifier is promising, although its application in other regions 

would most likely require local TRMM re-calibration with appropriate ground data.  

 

2.5.3. Application of re-calibrated TRMM in characterizing seasonal rainfall 

Waliser and Gauthier (1993) quantified the annual cycle of ITCZ migration and its 

occurrence in the African continent.  As described by McGregor and Nieuwolt (1998), 

a zone of maximum rainfall related to the African ITCZ follows the solar declination 

with a delay of about 1 month.   The ITCZ passes through the Southern hemisphere 

from October to April and the Northern hemisphere from April to October. Our results 

show April and October to be the peak rainfall months for both hemispheres. This is 

consistent with Waliser and Gauthier’s model that places the ITCZ position near the 

equator during these two months. Tsuneaki (2011) explained the driving forces of the 

seasonal variation of the ITCZ, and found that the origin of the water vapor fluxes 

feeding the ITCZ varied by season. In April, the water vapor flux is mostly derived 

from the Indian Ocean via Tanzania. In October, the water vapor flux is supplied from 

within the Congo Basin. Varying sources of water vapor could explain the difference 

between the two peak rainfall months (April and October) observed across the Basin.  

The bi-modal pattern of precipitation in the Congo Basin is illustrated in Figure 2.4.  

The larger rainy season occurs after the autumnal equinox, as the ITCZ returns from 

the north and crosses the Congo Basin.  The peak Basin-wide rainfall total of November 

reflects this.  The return of the ITCZ from the south does not result in a similar 
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magnitude of rainfall. This intraannual variation in Congo Basin rainfall is present in 

all products. Given this fact, we now examine seasonality using the re-calibrated 

TRMM data of this chapter.  Figure 2.8a shows the month of maximum rainfall and the 

fact that the ITCZ migration from north to south from August through January 

represents the peak precipitation totals across the Basin.  While there is a bi-modal 

seasonality, it is not ‘mirrored’ or proportional between the two rainy season peaks.  

All areas of the Basin likewise experience two dry seasons.  The farther from the 

equator, the more different the dry seasons are in terms of length and precipitation 

totals.   As the ITCZ heads south or north, it leaves the Congo Basin and for all regions 

of the Basin, a dry season occurs.  For regions on the same side of the equator as the 

ITCZ during a solstice, this period is often referred to as the “little” dry season.  The 

period when the ITCZ is at its farthest distance from any locality falls within the time 

of the local “big” dry season.  Figure 2.8b shows the ratio of the big dry season’s 

minimum rainfall compared to the little dry season’s minimum rainfall.    The actual 

equator is very close to this “precipitation” equator, as only a very small band of area 

near/south of the actual equator features balanced dry season minima.        
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Figure 2.8 a) Month of maximum precipitation for re-calibrated TRMM data; b) Ratio of big 
to small dry season precipitation minima. 
   
The white brackets in Figure 2.8b delimit a north-south transect displayed graphically 

in Figure 2.9.  The plot depicts the set of mean monthly precipitation values for 1 degree 

squares from 0 to 8 degrees north and south, along a transect from 22 to 23 degrees east 

in the middle of the Basin.  Post-equinoxes, there is high rainfall across all latitudes 

within the Basin.  Pre-equinoxes, there is a wider range of precipitation across all 

latitudes within the Basin.  This plot is a sample across latitudes and confirms that per 

unit area, the Congo Basin receives more rain in the August to December time-frame 

than the mirrored period of year of February to June.  Again, the southward movement 

of the ITCZ is the dominant rain mechanism over the Basin. 
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Figure 2.9 Plots of monthly precipitation for 1 degree blocks from +8 degrees latitude to -8 
degrees latitude, for the transect along 22 to 23 degrees longitude east (brackets of Figure 2.9b 
show the area).  Dashed lines are latitudes north of the equator and dotted lines are latitudes 
south of the equator.  Colors correspond to latitudinal increments of one degree and are labeled.  
The black line is the transect monthly means. 
 

Assuming a conceptual model where there is no difference in the rainfall amounts 

associated with the twice yearly passing of the ITCZ and equal areas of catchment north 

and south of the equator, mirrored or symmetical intraannual preciptation would be 

expected on each side of the equator.  This is clearly not the case and the asymmetry is 

due to two principal factors.  First, the Basin extends nearly twice as far to the south of 

the equator as to the north; the southern portion accounts for two-thirds of the overall 

catchment area. The ITCZ’s proporationally greater presence in the south leads to a 

corresponding proportional increase in rainfall associated with the periods of ITCZ 

passage.  Another cause is the greater rainfall associated with the southern movement 

of the ITCZ compared to its northern movement, as documented in the preceding 

discussion.  Tsuneaki (2011) identified seasonally varying water vapor fluxes for the 

ITCZ.  The post-autumnal equinox source of the Congo Basin itself leads to greater 
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precipitation than the post-vernal equinox source of the Indian Ocean.  The deviation 

from the symmetrical model can be seen as well in the stream hydrograph at Kinshasa, 

the capital of the Democratic Republic of the Congo. The Kinshasa gauge station is 

situated along the lower reaches of the Congo River, roughly 400km from the ocean.  

The area upstream from the gauge station (the “Area-to-Point” watershed) 

encompasses more than 90% of the Congo Basin drainage area. Figure 2.11 shows two 

peaks of high streamflow, with one in the November timeframe constituting a clear 

maximum annual flow. The secondary peak  is in April, the expected symmetrical 

counterpart.  However, the streamflow of April is roughly 50 to 80% of the November 

streamflow.  Testing the three monthly TRMM precipitation products against the 

stream gauge data of Kinshasa, including time lags, the highest correlation of 0.81 was 

found for the re-calibrated TRMM model with a one month lag (Figure 2.10).  

 
Figure 2.10. Re-calibrated/modeled TRMM Congo Basin monthly precipitation and Congo 
River mean streamflow discharge at Kinshasa from 2000 to 2007 (Data from the DRC 
waterway public company, Régie des voies fluviales (RVF)).  Congo River streamflow is offset 
by one month from the precipitation data, for example jan/feb represents January rainfall and 
February streamflow at Kinshasa. 
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2.6. Conclusion 

The present chapter indicates that TRMM 3B42 Version 6 data are appropriate for 

quantifying Congo Basin rainfall regimes and for deriving climate maps when 

calibrated by ground gauge data sets from within the region.   Two products, the TRMM 

3B43 Version 7, calibrated by ground data located largely at the periphery of the Congo 

Basin, and a new product calibrated using ground data within the central Congo Basin, 

both yielded viable precipitation and climate characterizations.  Despite having no 

ground calibration sites within the DRC, the TRMM 3B43 Version 7 product accurately 

depicted Congo Basin precipitation without bias.  The sparse data model employed in 

this chapter also compared well with ancillary data.  The generalized statistical feature 

space derived from daily accumulations of TRMM 3B42 Version 6 observations 

enabled the extrapolation of monthly-re-calibrated rainfall from only 12 gauge stations.   

Re-calibration of TRMM data resulted in a general augmentation of rainfall for both 

local rainy and dry seasons and a slight bias compared to the TRMM 3B43 Version 7 

science product. While the new model was insensitive to high precipitation events, the 

general depiction at mean annual and monthly time scales also agreed well with 

WORLCLIM data, although exhibiting a slight bias.  Added rainfall was absolutely 

higher during rainy season months and relatively higher during dry season months. 

These results indicate that both warm, convective-driven and cool, stratiform-driven 

rain regimes were underestimated by the TRMM 3B42 Version 6 estimates.  All 

products were consistent in the depiction of intraannual variation (Figure 2.4); the 

dominance of post-autumnal equinox rainfall was captured in observed downstream 

Congo River hydrographs, pointing the way forward for more substantive modeling of 
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streamflow using TRMM, either the standard 3B43 or new products such as the one 

presented here.  Climate characterizations using the 3B43 Version 7 and re-calibrated 

results of this chapter resulted in nearly equal areas for the climate types found within 

the Congo Basin.  The chapter serves as a demonstration of an alternative approach to 

processing TRMM data in characterizing regional precipitation regimes, as well as a 

validation of TRMM 3B43 Version 7 science product for a poorly covered region of 

Africa.   
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Chapter 3: Estimating daily streamflow in the Congo Basin using 
satellite-derived data and semi-distributed hydrologic model 

 

3.1. Introduction 

Quantification of global and regional water cycles is required for hydrological research, 

and model improvement, especially in data-poor contexts, is critical. The Congo Basin 

in Africa is the world’s second largest river basin, with a drainage area of 3 689 550 

km². Centrally located and with the greatest water resources in Africa, the basin is a 

vital resource for water and energy supply for a continent with increasing needs for 

safe water and energy (Mandelli et al. 2014). A greater quantitative understanding of 

the basin’s hydrology is necessary for the current and future management of Africa’s 

water resources.   

The major river systems of Africa share distinctive morphological 

characteristics, including inland deltas that re-orient tributaries that empty through 

rapids near their coastal effluent (Goudie 2005).  The Congo Basin is notable for its 

large internal drainage basin, referred to as the Cuvette Centrale, the remains of an 

ancient lake bed from the Tertiary period. This internal basin delineates an ancient lake 

which contains the relic lakes Mai-Ndombe and Tumba and swamp forests that 

dominate much of the flatter terrain (Bwangoy et al. 2010). It is believed that as the 

Congo Basin’s internal drainage evolved, it was captured by a short stream draining to 

the coast, cutting through the high ground at the continental margin on the western rim 

of the basin. The modern Congo River has a narrow exit to the sea, notable for cataracts 
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between Kinshasa and the coast that link the Congo Basin to the Atlantic (Goudie 

2005). 

The Cuvette Centrale is a low lying, bowl-shaped depression which lies in the 

center of the basin and extends in all directions along the arc of the Congo River (Figure 

3.1).  Inputs to the Cuvette Centrale form a branching pattern where most of the major 

Congo River tributaries point towards the Cuvette rather than the Basin’s outlet 

(Summerfield 1991, Goudie 2005). Wetlands such as the inland drainage of the Cuvette 

Centrale have a substantial impact on river basin flow rates, as wetland water depths 

are shallow within a diffuse channel geometry (Betbeder et al. 2014, Alsdorf 2016).  

Approximately 70 % of the Congo Basin’s water volume accumulates in the Cuvette, 

and its gradual release plays a critical role in regulating downstream flows (Thieme et 

al. 2005, Partow 2011). Flows of the Congo River’s main stem downstream from the 

Cuvette, such as at Kinshasa, are expected to exhibit different dynamics than those that 

flow into the Cuvette.  

The flow regime at the Kinshasa gauge is representative of the overall basin as 

98 % of the basin is upstream of it (Figure 3.1). The Congo River hydrograph observed 

at Kinshasa from 1998 to 2010 shows for each year two peaks of high streamflow 

denoting a bimodal flow regime (Figure 3.2). The peak in November-December 

constitutes an annual maximum and the one in April-May a secondary peak. The April-

May peak is 49 % (1999) to 83 % (2010) of the November-December peak, per the 13-

year data record (1998 - 2010). The hydrograph at Kinshasa depicts large inter- and 

intra-annual variations in streamflow that are driven by rainfall seasonality (Munzimi 

et al. 2015). This seasonality is consistent in wet and dry years; during drier than usual 
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years, for example in 2004, 2005 and 2006, a decline in both high and low flows is 

observed at Kinshasa. 

 
Figure 3.1 Stations locations and corresponding watersheds  
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Figure 3.2 Daily observed flow discharge at Kinshasa (1998 - 2010). Data are from the Régie 
des Voies Fluviales (RVF), Democratic Republic of the Congo 
 

Our understanding of the basin’s hydrology is severely limited by the paucity 

of ground-based hydrometeorological data. Hydrological models of ungauged 

catchments can potentially provide reliable information, especially if they can 

incorporate satellite observations and derived data products. Recent remote-sensing 

studies of the Congo Basin’s hydrology include mapping of wetland extent using 

Landsat, the Phased Array type L-band Synthetic Aperture Radar (PALSAR) and 

Shuttle Radar Topography Mission (SRTM) data (Bwangoy et al. 2010); estimation of 

wetland dynamics using PALSAR, Light Detection and Ranging (LIDAR) data and 

temporal vegetation indices from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) (Betbeder et al. 2014); and estimation of seasonal variations in wetland water 

storage using estimates of inundation from various data sources and data from the 

Gravity Recovery and Climate Experiment (GRACE) (Lee et al. 2011).  Several studies 

have also modeled historical streamflow within major tributaries of the Congo River 

using various satellite-data inputs (Asante et al. 2008, Munzimi 2008, Tshimanga et al. 

2011, Tshimanga and Hughes 2014), and some have assessed the impact of future 

climate changes on tributaries (Tshimanga and Hughes 2012, Aloysius and Saiers 
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2017). Beighley et al. (2011) reviewed the applicability of various satellite-derived 

precipitation datasets in the Congo Basin. While these studies have advanced models 

of the Congo Basin’s hydrology, a contemporary, high-resolution model of daily 

streamflow is lacking and remains a need for operational decision-making across the 

basin (Reitsma 1996).  

Operational decisions of interest in the Congo Basin include short-range 

forecasting of reservoir inflows, releases and hydropower operations at the Inga dam, 

the largest such installation in Africa; evaluation of hydropower generation at 

numerous potential sites on upstream tributaries; and forecasting of flood risk near 

population centers, roads and other infrastructure throughout the basin. Drainage areas, 

which experience significant deforestation due to timber harvesting, agricultural 

expansion and increased human settlement, could also cause significant hydrologic 

changes downstream with consequences for hydropower and flood risk. Daily 

streamflow models are therefore required for simulating historical, current and future 

flows, and for making short-term management, monitoring and planning decisions in 

the Congo Basin. 

The chapter reported here improves our understanding of Congo Basin hydrology by 

estimating daily streamflow along the main stem of the Congo River and within smaller 

river reaches throughout the basin using a hydrologic model. The chapter also improves 

our understanding of the opportunities and limitations of a physically-based model 

using interactive calibration and limited gauge data augmented with satellite-derived 

products in simulating daily hydrologic processes of a large and complex basin. 
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3.2. Data 

We drive the USGS Geospatial Streamflow Model (GeoSFM) (Asante et al. 2007a,b, 

Artan et al. 2007a,b) with satellite-derived and terrestrial data to estimate daily 

streamflow in the Congo Basin. Input data are: 1) daily rainfall derived from the joint 

NASA/JAXA Tropical Rainfall Measuring Mission (TRMM) 3B42 product, 2) daily 

evapotranspiration from NOAA Global Daily Reference Evapotranspiration product 

(GDET), 3) soil type and texture from the UN Food and Agriculture Organiation 

(FAO), 4) topography from NASA SRTM, 5) land cover from Landsat-derived maps 

(Potapov et al. 2012), and 6) wetlands extent from Landsat/MODIS-derived maps 

(Bwangoy et al. 2010) (Table 3.1).   Topography was resampled from 90 m to 180 m 

to enhance the model’s computation efficiency.  

The monthly re-calibrated TRMM estimates from chapter 2 are not used to 

drive our daily flow model in this chapter. A re-calibration of daily rainfall or any 

temporal downscaling procedure of re-calibrated monthly rainfall was not possible 

since daily gauge data were not available. Considering the importance of the daily time 

step of input rainfall, we forgo the use of adjusted monthly data, and use instead the 

original TRMM daily data. 

Ground-based gauge data are from the Régie des Voies Fluviales (RVF), 

Democratic Republic of the Congo (DRC); daily data exist for the main stem of Congo 

River at Kinshasa from 1998 to 2010, for the Ubangi River at Bangui from 1998 to 

2007 and for the Sangha River at Ouesso from 1999 to 2011. In addition, the World 

Meteorological Organization’s (WMO) Global Runoff Data Centre (GRDC) (Coe and 

Olejniczak 1999) provides monthly mean data for Kutu-Moke, Chembe-Ferry, Ilebo 



 

 

52 
 

and Ubundu; while these data pre-date the timeframe of our study (1998 - 2012), they 

provide useful information on general flow patterns in locations with no current daily 

or monthly flow. 

 

3.3. The Geospatial Streamflow Model (GeoSFM) 

GeoSFM is a semi-distributed hydrologic model for research and operational 

monitoring applicable in data-scarce environments. GeoSFM has been implemented in 

a wide range of applications in diverse regions of the world (e.g. Asante et al. 2007b, 

Brown et al. 2014, Cole et al. 2014, Dessu et al. 2016) and has been applied 

operationally by the Famine Early Warning Systems Network 

(http://earlywarning.usgs.gov/fews/). GeoSFM includes GIS-based preprocessing, 

subbasin options for modeling soil moisture, routing of flow using either a diffusion-

analog or the Muskingum-Cunge formula, and tools for calibration, sensitivity analysis, 

and post-processing for analysis. (Asante et al. 2007a, Artan et al. 2007a). 

 

3.4. Methods 

We parameterized the GeoSFM model to simulate daily streamflow of the main stem 

and tributaries of the Congo Basin. We then attempted to improve model performance 

using interactive model adjustment. The overall approach is initial model 

parameterization for basin-wide daily flow, basin-level calibration for the Congo River 

at Kinshasa, and subbasin level calibration for the upstream gauge sites.   

http://earlywarning.usgs.gov/fews/
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The parameter set to minimize error in flow at Kinshasa was deduced from prior 

studies  (Artan et al. 2007a, Kiluva et al. 2011, Agunbiade and Jimoh 2013, Tshimanga 

and Hughes 2014, Dessu et al. 2016). Parameter values were adjusted until minimal 

error was reached from the Kinshasa gauge.  

 

Table 3.1 Data inputs to the basin model. 

 Data sets Input data sources Spatial and 
temporal 
resolution 

Data 
coverage 

References 

Hydrological 
data 

    

TRMM 3B42 Geo-IR, SSMI, AMSU, 
TRMM, AMSR, Gauges 

0.25°,  
three-hourly * 

50°S-50°N 
1998 to 
present 

Huffman et 
al. 2007 

Global Daily 
Reference 
Evapotranspirat
ion (GDET) 

GDAS six-hourly 
operational meteorological 
data 

1°, daily Global 
2001 to 
present 

Senay et al. 
2008 

Terrestrial 
data 

    

Soil data FAO/UNESCO Digital 
Soil Map of the World 

1 - kilometer Global FAO, 
1995, 
FAO, 1971 
- 1981 

SRTM DEM Radar 90 - meter 60°S-60°N 
near-global 

Van Zyl, 
2001, 
Rodriguez 
et al. 2006 

Land Cover 
data set 

Landsat 57 m, MODIS 250 
m, VCF 500 m, Landsat 
Congo Wetlands 57 m, 
MERIS 300 m 

57 - meter Congo 
Basin 

Potapov et 
al. 2012, 
Bwangoy 
et al. 2010, 
Clevers et 
al. 2004 

*Daily accumulations of this data set are processed at USGS EROS 
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Regional disaggregation followed, calibrating subbasin streamflows using discharge 

data from the Ubangi and Sangha rivers.  For all three gauges, the first half (1998 - 

2004 for Kinshasa, 1998 - 2002 for Bangui and 1999 - 2004 for Ouesso) of the time 

series was used for calibration and the second half (2004 - 2010 for Kinshasa, 2003 - 

2007 for Bangui and 2005 - 2011 for Ouesso) was retained for validation. Additional 

validation was performed using the GRDC’s historical monthly gauge data from Kutu-

Moke, Chembe-Ferry, Ilebo and Ubundu. 

 

3.4.1. Initial Parameterization with Remote Sensing Data 

Terrain analysis was performed on the DEM to delineate subbasins and streams, 

constrained to a minimum drainage area of 324 km² (10 000 cells), yielding 2950 

subbasins and river reaches with a median area of 1501 km² and a median length of 41 

km respectively. This catchment threshold provides sufficient spatial detail for most 

needs of operational hydrological monitoring of the Congo Basin.  The land-cover map 

indicates that the basin is 59 % forest and woodland, 11 % wetland, 7 % water bodies, 

and the remainder savannah and human settlements. Soils in the basin are 31 % clay, 

26 % sandy soil, 22 % water, 14 % sandy clay loam and 6 % loam.  Runoff curve 

numbers computed for the subbasins with these mapped inputs range from 52 to 98 

with a basin-wide average of 76. Unit hydrographs computed yield daily estimates of 

29 %, 25 %, 17 %, 9 %, 6 %, 4 %, and 2 %, respectively, of total runoff over the first 

seven days following a rainfall event. Runoff discharged from an event gradually 

approaches zero within three weeks.  The model was then used to simulate daily 

streamflow for each stream segment in the basin. Subbasin averaged daily soil moisture 
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was estimated from gridded rainfall and evapotranspiration. Daily runoff from 

saturated soils was routed to the subbasin outlet and from there routed through the river 

network using the Muskingum-Cunge method until it reached the basin outlet beyond 

the river gauge at Kinshasa.  

 

3.4.2. Model calibration 

Previous studies have successfully simulated seasonal anomalies associated with major 

floods in several basins, including the Congo Basin, using the GeoSFM model with 

initial parameterization and without calibration (Asante et al. 2005, 2007b, 2008, Artan 

et al. 2007b, Blanc and Strobl  2013).  However, some parameter calibration is required 

to achieve accurate estimates of flow volumes and timing, particularly for applications 

requiring daily hydrographs. Inaccuracies in initial parameter estimates may arise from 

differences in the scale and quality of the input data or from the model itself (Gupta et 

al. 1999, Wijesundera et al. 2012, Blanc and Strobl 2013). Parameter adjustment can 

reduce such effects (Sahoo et al. 2006). 

 

3.4.2.1.Basin-wide Calibration 

Simulated flow was initially calibrated and validated against measured streamflow at 

Kinshasa. Estimates of the percentage adjustments required to achieve accuracy in 

basin water-balance components (i.e. surface runoff, precipitation and 

evapotranspiration) and horizontal timing of median flows were computed. 

Adjustments were made by scaling the spatially-distributed parameters, based on 

differences between the modeled and observed flows at Kinshasa, iteratively until a 
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difference of less than 5 % is achieved.  Based on previous research (Asante et al. 

2007a, Artan et al. 2007a, Kiluva et al. 2011, Agunbiade and Jimoh 2013, Tshimanga 

and Hughes 2014, Dessu et al. 2016), we limited parameter adjustment to the following 

variables: residence time for interflow reservoir, river loss factor, river floodplain loss 

factor and kinematic wave celerity. Adjustments were confined to ranges of parameter 

values that retain physical meaning. The identified parameters were used to calibrate 

the model for daily flow magnitude and timing at the Kinshasa gauge. To account for 

the attenuation of flows in the Cuvette Centrale, semi-lumped and semi-distributed 

calibrations (Ajami et al. 2004, Khakbaz et al. 2012) were used during basin-level 

parameters adjustments. The semi-lumped calibration was used to adjust residence time 

for interflow reservoir, river loss factor and river floodplain loss factor. These three 

parameters were set to be identical among subbasins, e.g. the new value of the residence 

time for interflow reservoir corresponds to the maximum possible number of days, 

which maximizes flow attenuation, and was applied to all subbasins at the end of the 

calibration procedure. This optimal parameter set was applied to all the subbasins in 

the semi-distributed structure of GeoSFM model in order to simulate the streamflow. 

Basin-level calibration also included spatially-distributed forcing aggregated over each 

subbasin. 

The semi-distributed calibration was used to adjust the kinematic wave celerity 

to further slow the Congo River hydrograph. Adjustments of the parameter were 

uniformly and proportionally applied across subbasins, keeping final values within 

realistic ranges. To further handle delays caused by the Cuvette Centrale wetlands, 

GeoSFM was adjusted by increasing the number of days for subbasin response.  
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3.4.2.2.Regional Calibration 

The basin-wide, calibrated flow model is not expected to perform well for tributaries 

upstream of the Cuvette Centrale, since they are not impacted by its dispersive effect. 

For upstream watersheds, we performed a regional calibration using observations of 

gauge locations at Bangui and at Ouesso.  For regional calibration of subbasins, a 

different set of adjustments was applied to the residence time for interflow reservoir, 

river loss factor, and river floodplain loss factor parameters.  No adjustment was made 

to kinematic wave celerity, which largely served to slow the Kinshasa hydrograph 

downstream of the Cuvette Centrale for the global calibration.   

Regional calibration employing the Bangui and Ouesso gauge data focused on the 

accurate capture of flow timing and flow seasonality, with considerable residual bias 

in total volume estimates.  Their respective R² values were high (0.74 and 0.82), 

denoting a strong relative correlation. To adjust model overestimation, a simple bias 

correction was made. The over-predicted estimates were divided by the value of the 

average slope derived from the linear regression fit of the monthly mean flow data 

(modeled versus observed, aggregated from current averages) for Bangui and Ouesso. 

The simple bias correction is a recognition of the limitations of available gauge data in 

executing a more robust calibration. The adjustment was applied to subbasins and 

compared to four gauges for which monthly mean data were available.  The final 

sequence of the entire calibration process resulting from these evaluations are 

summarized in Figure 3.3. 
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3.4.3. Validation 

Validation was performed using the set aside half of the time-series observations from 

Kinshasa (2004 - 2010), Bangui (2003 - 2007) and Ouesso (2005 - 2011). Comparisons 

were performed at three temporal levels. First, the modeled flow at each gauge station 

averaged over the entire validation period was evaluated by comparing with gauge-data 

means and standard deviations. Second, daily flows were evaluated via Nash-Sutcliffe 

model efficiency coefficient and linear regression of all daily observations over the 

validation period against daily gauge data at the three stations. A bias of simulated and 

observed flow, presented as a percentage, was also calculated as: 

                                          𝑃𝑃bias = 100 ∑ (𝑆𝑆𝑆𝑆−𝑂𝑂𝑆𝑆)𝑛𝑛
𝑖𝑖=1
∑ (𝑂𝑂𝑆𝑆)𝑛𝑛
𝑖𝑖=1

        

where Si and Oi are the simulated and observed flows. Third, seasonal trends were 

evaluated by comparing modeled versus observed estimates of the 25th and 75th 

percentiles of magnitude and date of flows at the three gauge stations, as percentiles 

are characterizations of flow inter-annual variability. The 25th and 75th percentiles of 

all daily data in the validation periods for each site are valuable indicators for 

streamflow discharge based on daily flow data by avoiding outliers in the datasets. In 

addition, results of the modeled hydrographs before and after calibration were 

compared graphically to the gauge-based hydrographs. Further evaluation was 

conducted at the monthly level by comparing modeled hydrographs with the current 

monthly averages from the Ubangi River at Bangui and the Sangha River at Ouesso 

and with the historical monthly averages from the four GRDC gauges at the Kasai River 

at Ilebo, the Kasai River at Kutu-Moke, the Congo River at Ubundu, and the Luapula 

River at Chembe Ferry. 



 

 

59 
 

 
Figure 3.3 Final sequence applied for the basin-wide and regional calibration process. Basin-
wide calibration is to the Congo River flow at its core, downstream from the Cuvette Centrale. 
Regional calibration is to Congo Basin sub-watersheds upstream from the Cuvette Centrale. 
 

3.5. Results and discussion 

3.5.1. Calibration of the initial basin-wide model 

Results of the initial run are averaged into daily means of flow discharge over the 13-

year period (1998 - 2010) and compared to observed flow at Kinshasa (Figures 3.4, 

3.5). Modeled flow is bimodal, although it differs in magnitude and timing from the 

gauge data. Component analysis indicated that these differences were a function of the 
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four most sensitive model parameters, but also to two other main components, the water 

balance and the response generated by the model. Model adjustments related to timing 

focused on the months leading to peak flow over the August-February period. A time 

shift of the August-February portion of the hydrograph was applied as well as an 

adjustment of the mass balance simulations to correct runoff volume and streamflow 

magnitude.  

Water balance adjustment could include increasing precipitation or decreasing 

evapotranspiration. Basin-wide annual rainfall volume from TRMM’s 3B42 is 4427 

km³/year which is significantly lower than corresponding estimates from 

WORLDCLIM isohyets derived from long-term historical gauge records (Hijmans et 

al. 2005), at 5678 km³/year. The pattern of rainfall underestimation in the basin is 

spatially and seasonally variable, and gauge data are inadequate for performing spatial 

and temporal corrections on a daily scale. However, considering the low spatio-

temporal variability of evapotranspiration, we chose to decrease evapotranspiration for 

this adjustment. GeoSFM contains procedures for ingesting potential 

evapotranspiration grids and computing actual daily evapotranspiration based on 

antecedent soil moisture conditions (Asante et al. 2007a).  
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Figure 3.4 (a) Daily observed flow discharge and (b) daily initial flow estimate discharge prior 
to calibration at the Congo River at Kinshasa 
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Figure 3.5 Multi-year average 1998 - 2010 of observed daily flow discharge and initial daily 
flow estimate discharge prior to calibration at the Congo River at Kinshasa 
 

Initial model runs significantly underestimated the basinwide water balance, 
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balance generated to 424 mm/year (Table 3.2). Discharge from the model (derived from 

daily calibrated modeled flow) at the basin outlet was estimated at 302 mm/year while 

in-stream modeled losses including floodplains losses make up the balance of 122 
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estimation of the magnitude of the losses would probably require a focused study, likely 

with a field campaign to accurately capture the extent, evaporation rates and other 

losses from the floodplains. 

 

Table 3.2 Comparison of satellite-derived model inputs from the current study (1998-2012) 
to published estimates for the Congo Basin. 

 Current 
Study 

Other 
Published 
Data 

Source for Other Data 

Area (km²) 3689550 3700000 - 
4100000 

Campbell (2005) - 
Crowley et al. (2006) 

P (mm/year) 1200 1900 Alsdorf et al. (2016) 
ETo (mm/year) 1339 1300 Shiklomanov (2009)  
Initial Model ETa (mm/year) 1071 1098 Chishugi et al. (2009) 
Initial Model P-ETa (mm/year) 129   
Adjusted Model ETa (mm/year) 776 1098 Chishugi et al. (2009) 
Adjusted Model P-ETa (mm/year) 424   
R (mm/year) at Basin Outlet 302 342 Chishugi et al. (2009) 
Model in-stream Losses (mm/year) 122   
Rainfall flux (P), actual and potential evapotranspiration (ETa, ETo) fluxes and 
calibrated model runoff discharged (R). 

 
The observed peaks at Kinshasa in November-December and April-May are driven by 

the November and March rainfall peaks with about a month lag, and these rainfall 

timing are accurately estimated by the TRMM product, as found in Munzimi et al. 

(2015). The temporal connection between precipitation and streamflow has been 

related to the temporal connection between P-ET runoff (precipitation – 

evapotranspiration runoff) and wetland filling and draining in the central portion of the 

Congo Basin i.e. the Cuvette Centrale (Lee et al. 2011). The temporal shift in modeled 

flow was likely due to the response structure related to the filling and emptying of the 

wetlands of the Cuvette Centrale. The one-month shift of simulated flow of the 
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November peak for the Kinshasa gauge (Figure 3.4) suggested that the hydrograph 

response needed to be slowed by increasing its number of days for the rise and the 

recession of the curve. As the calibration was done near the Congo Basin’s outlet, all 

upstream subbasins were subjected to this adjustment. Subbasin responses originally 

generated in the initial preprocessing module had a median of 21 days for runoff from 

rainfall events to completely drain out of a subbasin. To account for detention of water 

in the floodplain, the median number of days for full drainage was extended to 97 days 

by applying a simple diffusion equation to the initial subbasin responses. Thus, the new 

unit hydrographs stored in the new response file gave a better simulation of the typical 

response of each catchment to rainfall. The initial unit hydrograph was developed for 

each catchment during the model preprocessing phase, prior to any flow routing. The 

amplitude and timing of modeled hydrograph following basin-wide calibration display 

a much better counterpart to data from the Congo River gauge at Kinshasa (Figures 

3.6).   

Figure 3.6 Comparison of 15 years (1998 - 2012) of daily discharge on Congo River at 
Kinshasa from basin-wide calibration. Blue is estimated flow from the calibrated model and 
red is gauge observations. The dashed line separates calibration and validation periods 
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3.5.2. Calibration of the initial regional (subbasin) model 

Parameter adjustment for calibrating the regional model to Bangui and Ouesso daily 

flow data yielded strong agreement in terms of timing and seasonality.  However, the 

model yielded considerable overestimation of the amplitude of the seasonal cycle for 

these gauges (Figure 3.7), requiring a bias adjustment. A simple correction based on 

the average slope of the two linear regression fits to monthly mean flow data (modeled 

versus observed, aggregated from current averages at Bangui and Ouesso) yielded a 

value of 2.5 (average of 3.8 and 1.2). This value was used to adjust the over-predicted 

daily flow of the entire series for all subbasins. As intended, the bias correction offsets 

the general model’s over-prediction. However, the amplitude of modeled hydrographs 

following this regional calibration display a better counterpart to data from the Sangha 

River at Ouesso than from the Ubangi River at Bangui where the flow is still 

substantially over-predicted after bias correction (Figures 3.8). The performance at the 

GRDC gauges (Table 3.5) provides some confidence in the performance of the model 

in basins other than Ubangi and Sangha. Regardless, the single-value bias correction is 

a limiting factor of the regional calibration effort in improving flow magnitude at 

subbasin level. 
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Figure 3.7 Monthly-mean of observed flow vs. simulated flow from regional calibration with 
no bias correction at Bangui (blue) and Ouesso (pink).   
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Figure 3.8 Comparison of 15 years (1998 - 2012) of daily discharge on Sangha River at 
Ouesso and Ubangi River at Bangui from regional calibration. Blue is estimated flow from 
the calibrated model and red is gauge observations. The dashed line separates calibration and 
validation periods 
 
 

3.5.3. Validation of the calibrated basin-wide and subbasin models 

The amplitude and timing of modeled hydrographs following calibration display a 

better counterpart to data from the three gauge sites (Figures 3.9).  Average discharge 

at Kinshasa from the calibrated model captures 99 % of the observed average, 

compared to 67 % for that from the un-calibrated model. Simulations track observed 

data in both drier years (2004, 2005 and 2006) and wetter years (1999, 2001, 2002, 

2007 and 2008). Daily means over the validation period closely track the observed 

means at Kinshasa for the basin-wide model, while evidencing residual bias for Ouesso 

(underestimate) and Bangui (overestimate) for the subbasin model (Figure 3.10). 
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Figure 3.9 Daily calibrated flow discharge over 15 years (1998 - 2012) on Congo River 
at Kinshasa from basin-wide calibration, and on the Sangha River at Ouesso and 
Ubangi River at Bangui from regional calibration compared to the un-calibrated 
estimates and observed flows 
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Figure 3.10 Multi-year average of daily observed flow, initial estimate, estimate from basin-
wide calibration at the Congo River at Kinshasa (2004 - 2010) and regional estimate at Sangha 
River at Ouesso (2005 - 2011) and Ubangi River at Bangui (2003 - 2007). The estimate from 
basin-wide calibration is the calibrated estimate at Kinshasa gauge while the regional estimate 
is the calibrated estimate at the Ouesso and Bangui gauges 
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respectively (Table 3.3). Comparing the means, 25th percentiles and 75th percentiles of 

daily low flow, centroid of flow and peak flow from the un-calibrated and calibrated 

models to the observed data from the three validation sites further demonstrates the 

model improvements from calibration (Table 3.4). Un-calibrated estimates differ from 

the observations by up to over 100%, while most of the calibrated estimates are within 

28% of the observations. Comparison of monthly mean flow modeled over the study 

period to historical monthly flows from the GRDC stations further indicate confidence 

in the estimated timing of peaks and lows, although magnitudes and overall values 

across months show disagreement and agreement comparable to the three 

contemporaneous validation sites (Figure 3.11 and Table 3.5). 

Table 3.3 Validation statistics of daily flow for gauge sites in Kinshasa, Ouesso and Bangui. 
‘O’ is gauge station observation, ‘S’ is model simulation,  ‘StdDev’ is standard deviation, ‘R²’ 
is linear regression coefficient of determination, and ‘NSE’ is Nash-Sutcliffe model efficiency 
coefficient 

 Region/City Kinshasa Ouesso Bangui 
     
Gauge River Congo Sangha Ubangi 
Details Location Kinshasa Ouesso Bangui 
 Country Dem. Rep. 

Congo 
Rep. of 
Congo 

C. A. 
Rep. 

     
6 to 7 validation -
year daily 
average 

Mean (O) m³/s 40638 1258 2994 

 Mean (S) m³/s 40631 859 5486 
 StdDev (O) m³/s 8981 714 2363 
 StdDev (S) m³/s 10028 518 2781 
Daily-level 
regression 

R² % 76 58 87 

Other statistics NSE 0.70 0.23 -.31 
 Pbias  % 0 -33 83 
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Table 3.4 Means, 25th percentiles and 75th percentiles of daily low flow (Low), centroid of flow (Cent) and peak flow (Peak) for the observed (O), 
initial un-calibrated (U) and calibrated flow (C) of the Congo River at Kinshasa, Sangha River at Ouesso and Ubangi River at Bangui. These are 
the percentiles in the inter-annual variation and the dates of the occurrences of their annual minimum, maximum and mean. Flow magnitude is in 
m³/s. Model improvements are shown in boldface type. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 25th percentile Mean 75th percentile 

 Magnitude Date Magnitude Date Magnitude Date 

 O U C O U C O U C O U C O U C O U C 

Low 26949 6765 27626 3-
Aug 

18-
Feb 

5-
Jun 

29178 9511 30834 6-
Aug 

18-
Feb 

3-
Aug 

29893 10874 32655 31-
Jul 

12-
Feb 

2-
Aug 

Cent 27821 21466 28727 9-
Jul 

15-
Aug 

13-
Jul 

30865 26542 31283 7-Jul 11-
Aug 

13-
Jul 

33015 29451 34812 7-
Jul 

9-
Aug 

13-
Jul 

Peak 56164 44824 57136 16-
Dec 

18-
Nov 

11-
Dec 

59267 51363 61417 15-
Dec 

13-
Nov 

12-
Dec 

63402 59328 67779 21-
Dec 

16-
Nov 

5-
Dec 

Low 480 0 415 3-
Apr 

9-
Jan 

2-
Apr 

625 8 453 25-
Feb 

9-
Jan 

15-
Mar 

646 1 481 17-
Feb 

8-
Jan 

18-
Mar 

Cent 1096 1231 941 17-
Aug 

22-
Aug 

9-
Aug 

1420 1892 1244 17-
Aug 

13-
Aug 

11-
Aug 

1677 2435 1523 17-
Aug 

11-
Aug 

12-
Aug 

Peak 2960 2444 1881 28-
Oct 

27-
Sep 

17-
Oct 

3207 2890 2113 6-
Nov 

5-
Oct 

19-
Oct 

3615 3989 2570 14-
Nov 

20-
Oct 

26-
Oct 

Low 424 12 2370 31-
Mar 

15-
Jan 

4-
Apr 

482 132 2473 31-
Mar 

7-
Jan 

1-
Mar 

485 127 2639 4-
Apr 

7-
Jan 

8-
Mar 

Cent 5105 12953 5638 8-
Sep 

19-
Aug 

11-
Aug 

5423 13217 6848 5-
Sep 

16-
Aug 

12-
Aug 

5929 13534 7701 5-
Sep 

13-
Aug 

11-
Aug 

Peak 7210 14798 9823 26-
Oct 

11-
Sep 

11-
Oct 

7961 17394 10218 2-
Nov 

10-
Sep 

8-
Oct 

8974 19272 11313 7-
Nov 

5-
Sep 

16-
Sep B
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Table 3.5 Validation statistics of monthly mean flow for gauge sites in Ilebo, Kutu-Moke, Ubundu, Chembe-Ferry, Ouesso and Bangui. ‘O’ is 
gauge station observation, ‘S’ is model simulation,  ‘StdDev’ is standard deviation, ‘R²’ is linear regression coefficient of determination, and 
‘NSE’ is Nash-Sutcliffe model efficiency coefficient 

 Region/City Ilebo Kutu-Moke Ubundu Chembe-
Ferry 

Ouesso Bangui 

        
Gauge River Kasai 

tributary 
Kasai Congo Luapula Sangha Ubangi 

Details Location Ilebo Kutu-Moke Ubundu Chembe-
Ferry 

Ouesso Bangui 

 Country D. R. Congo D. R. Congo D. R. Congo D. R. Congo Rep. of 
Congo 

C. A. Rep. 

        
Monthly 
average 

Mean (O) 
m³/s 

2114 8059 7477 515 1662 3089 

 Mean (S) 
m³/s 

1852 5109 6585 444 896 5325 

 StdDev (O) 
m³/s 

787 2750 1590 304 852 2574 

 StdDev (S) 
m³/s 

761 2304 1613 359 350 2869 

Monthly-level 
regression 

R² % 93 90 50 56 90 91 

Other statistics NSE 0.80 -0.43 0.04 0.31 -0.33 0 
 Pbias % -12.4 -36.6 -11.9 -13.7 -46.1 72 
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Figure 3.11 Monthly mean of observed flow, initial estimate, estimate from basin-wide 
calibration and regional estimate at the four Global River Discharge Database (GRDC) stations 
and at Bangui and Ouesso 
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3.5.4. Model interpretation 

 
Time series of daily flow from the calibrated model are consistent with results from analyses made 

of various satellite-derived precipitation datasets in the Congo Basin (Beighley et al. 2011). For 

example, rainfall data show that 2007 and 2008 were generally wetter than 2003 through 2006, 

and the present model accurately captures this difference.  

Modeled daily streamflow at Bangui shows an over-prediction of low and peak flows 

during the dry and rainy seasons of all years, affecting the NSE statistic, which is particularly 

sensitive to the extreme flows (Table 3.3).  Nonetheless, the basin-wide level and subbasin wide 

calibrations successfully account for the majority of the spatial and temporal hydrological patterns 

of the Congo Basin when evaluated over the entire validation period. More challenging is capturing 

temporal patterns (timing and shape of seasonal cycle) at the daily level, and here the range of R² 

values from regressing modeled versus observed daily flows are encouraging, particularly at 

Bangui (0.87). However, even though temporal patterns are well captured, the significant bias and 

the poor NSE are consistent with the systematic over-prediction of flow magnitude at Bangui. 

Despite the difference between the time periods of the data sets, the four GRDC stations 

provide a valuable additional data source for inter-comparison. Using these data requires the 

assumption that there has been no significant recent streamflow regime change within the region 

over recent decades, and we acknowledge that reservations could be raised about the comparison 

of dated GRDC data and more recent streamflow discharge estimates. The evaluation of model 

results at the monthly-level for these sites further demonstrates the benefits of model outputs. For 

example, all four locations exhibit strong agreement in the timing of peak and low flow and in the 

magnitude of peak and low flows at Ilebo and Chembe Ferry (Figure 3.11). While the timing of 
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the peak and low flows is accurately estimated for the Kasai River at Kutu-Moke, the magnitude 

of the flow is overestimated. For the Congo River at Ubundu, the first mode of the bimodal flow 

regime is underestimated, while the second mode is overestimated. These under-estimates and 

over-estimates suggest that the regional calibration could be significantly improved. While flow 

seasonality and timing are successfully captured at all locations, discrepancies in magnitude of the 

seasonal cycle at some locations suggest that flow discharge may still be biased for some streams 

across the basin.  

The Congo Basin lies in both the Northern and Southern Hemisphere, such that it receives 

year-round rainfall from the migration of the inter-tropical convergence zone (ITCZ). The passage 

of ITCZ drives rainy and dry seasons in the Congo Basin (Munzimi et al. 2015), and the seasonal 

progression of the ITCZ influences surface waters of the basin. The geographical distributions of 

the daily peak, mean and low flow magnitude for the period 1998 - 2012 of calibrated streamflow 

are mapped in Figure 3.12, and that of the day of minimum and peak flow is mapped in Figure 

3.13. Day of minimum flow trends southward from the from early February to late October, with 

the exception of the northern-most part of the Basin where it occurs in April-May. The trend is 

reversed for day of peak flow that progresses northward from early February to late October. From 

July to August, peaks occur mostly in the northern-most part of the Basin. In addition, the 

equatorial belt is dominated by flows peaking in November and December.  

These spatial patterns can be interpreted in the context of the different origins of the water vapor 

fluxes feeding the ITCZ, which varies in different seasons. In April, the water vapor flux is mostly 

derived from the Indian Ocean via Tanzania (Suzuki 2011). This is a possible explanation for why 

the northern-most part of the basin receives much less water than the rest of the basin in this month. 

In October, the water vapor flux is supplied from within the Congo Basin and brings more water 
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than the April flux (Suzuki 2011). This is a possible explanation for why the equatorial belt is 

dominated by flows peaking in November-December. The varying sources of water vapor could 

also explain the difference between the two peak rainfall days and months in April and and 

October, which consequently drive the high streamflow of the Congo River in November and 

December, benefiting from the larger volume of water brought in by the ITCZ in October 

(Munzimi et al. 2015). This can be seen in the hydrograph at Kinshasa close to the basin outlet 

(Figure 3.6, 3.9). To corroborate this point, Lee et al. (2011) were able to correlate ITCZ to the 

spatial pattern of the storage changes in the Congo Basin’s seasonally flooded wetlands and 

floodplains, which agree with the spatial patterns from our model, as an attenuation of flows is 

driven by the wetlands of the Cuvette.  

Beighley et al. (2011) reported that as a result of the annual south–north migration of the 

ITCZ, the equatorial location of the Congo Basin results in two peaks per year, whereas non-

equatorial rivers basins have only one peak flow annually. The streamflow model captures this 

difference (Figures 3.10, 3.11). Streamflows are illustrated by subbasin for daily maximum, mean, 

and minimum volumes in Figure 3.12. 
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Figure 3.12 Spatial distribution of calibrated daily (a) high, (b) mean and (c) low flow 
magnitude over the 15 years of study (1998 - 2012) per subbasin. In each subbasin the flow 
condition (magnitude) of the corresponding river reach is represented 
 

 (a)                                               (b)                                              (c) 
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 (a) (b)  
 
 

 
 

Figure 3.13 Spatial distribution of calibrated day of (a) lowest flow and (b) peak flow, based on the 
modeled daily mean flow averaged over 1998 – 2012 

 
 

3.6. Conclusion 

The Congo River Basin has been modeled to capture the spatial and temporal variations in 

streamflow using a basin-wide and subbasin ensemble model.  The two-step approach to the model 

and its calibration was required mainly due to the presence of a large interior basin, the Cuvette 

Centrale, which slows downstream flow. Basin-wide calibration involved input data adjustment  
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and selection of appropriate model routines and parameters to slow the flow of water across the 

basin; regional calibration involved a different set of adjustments and a simple bias correction to 

adjust flow of river subbasins. Agreement with in situ data is markedly improved following model 

calibration, compared with default initial parameterization (Table 3.5), including for set-aside 

validation data. While flow seasonality and timing are successfully captured at all locations, 

discrepancies in estimated and actual discharge at sites suggest that results are likely biased for 

many streams across the basin.   

Previous studies have shown that hydrological mechanisms in the Congo Basin, including 

the effects of the Cuvette Centrale, are not well understood due to a scarcity of gauge data. Time-

series remote sensing data can leverage sparse in situ measurements to enable improved 

understanding of flow dynamics through the use of semi-distributed hydrological models. The 

GeoSFM semi-distributed hydrological model characterizes the geospatially explicit timing and 

magnitude of flow across large basins such as the Congo River.  Results from this chapter using 

GeoSFM demonstrate an acceptable level of performance of the model in estimating timing and 

seasonality of flow in the Congo Basin, with considerable bias in estimates of flow volumes for 

subbasins.  Flow characterization at Kinshasa is robust for both timing and volume, with 

implications for its use in assessing hydropotential downstream from Kinshasa, one of the river 

reaches with the greatest potential for hydroelectric development. By definition, more gauge data 

distributed widely geographically would reduce model uncertainties across the Congo Basin. 

The Congo Basin is the site of increasing human populations and land cover change, 

including deforestation, which is expected to alter the Basin’s hydrology.  The humid tropical 

forests of the Congo Basin are also some of the more seasonal and overall drier such forest in the 

equatorial tropics (Malhi et al. 2013), making them potentially especially susceptible to climate 
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change. Models such as the one presented here can help to establish baseline information on flows 

throughout the Congo Basin and provide a basis for assessing future hydrologic changes caused 

by changes in land cover and climate. Results could be used to support operational short-term 

management, monitoring and planning decisions in the Congo Basin. 

While numerous studies of land cover and land use change (LCLUC) in the Congo Basin exist 

(e.g. Zhang et al. 2006, Hansen et al. 2008, Defourny et al. 2011, Ernst et al. 2013, Molinario et 

al. 2015, Ickowitz et al. 2015), studies of the hydrological responses to climate change, seasonal 

variability and LCLUC could benefit from improved daily streamflow models. Model of the 

effects of climate change on streamflow require knowledge of the flow characteristics of the river 

basin in question in order to estimate which watersheds are sensitive to temperature and which 

watersheds are dominated by the amount and timing of precipitation (Smith et al. 1998, 

Washington et al. 2013). A rainfall-based climate classification, derived from TRMM or similar 

products, of the Congo Basin, could serve as a starting point (Munzimi et al. 2015). A climate 

classification could be used as the basis for grouping rivers and streams within the basin by climate 

type to facilitate comparisons of runoff characteristics. Finally, the improved estimates of 

streamflows from this chapter can support more reliable assessments of possible future scenarios, 

including those accounting for the effects of the El Niño Southern Oscillation (ENSO) and other 

climatic cycles (e.g. Amarasekera et al. 1997) and the effects of land-use change on the Congo 

Basin’s hydrology 
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Chapter 4: Assessment of streamflow response to forest conversion in 
the Congo Basin 

 

4.1. Introduction 

4.1.1. Congo Basin hydrology and water resources 

One major possible future scenario requiring assessment is the one accounting for the effects of 

land use land cover change on the Congo Basin’s hydrology. The improved estimates of 

streamflows from the previous chapter could support a more reliable assessment of the mentioned 

change. Considering regional demands (Mandelli et al, 2014), the Congo Basin is seen as a vital 

resource for water and energy, the later which has mostly yet to be exploited. Hydropower is an 

important renewable energy alternative that could potentially support the regional economy while 

facilitating reductions in greenhouse gas (GHG) emissions, including via reducing deforestation. 

Various initiatives for small- to large-scale hydropower generation have been proposed throughout 

the basin, yet few include careful consideration of limiting factors, a major one being the 

dependence of water flows on the distribution of vegetation and potential impacts of forest 

conversion.  

The greatest interest is in the region around the Inga Falls, the world’s largest waterfall, 

located 150 km upstream from the Congo River’s mouth in the western Democratic Republic of 

the Congo (DRC). There currently are two hydroelectric dams, Inga I and Inga II. Hydropower 

production at Inga is mainly regulated by run-of-the-river power plants that depend directly on the 

water-discharge regime, in contrast to reservoir-based plants that can compensate for river-flow 

variation (Beniston and Stoffel, 2014).  
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Planning is underway for a third Inga damn as well as a mega-dam, the Grand Inga to power 

multiple African countries (Sambo, 2008; Green, N et al, 2015; Taliotis, C et al, 2014). A non-

storage, “run-of-the-river” design is also planned for the Grand Inga hydroelectric project, in 

which only a relatively small reservoir would be created to back up the power of the river's flow 

(Showers 2011). The DRC had set October 2015 as the date for the launch of the first phase of 

this largest hydroelectric plant in the world (DRC press release, 2013), making this the main hub 

of Africa’s hydroelecctric potential (Sofreco et al., 2011).  However, on July 2016 the World 

Bank withdrew its funding following disagreements over the project. The proposed Inga dams 

have an estimated potential of between 39,000 and 44,000 MW, more than twice the equivalent of 

the power of the world's current largest dam, the Three Gorges in China. However, only a small 

portion, roughly 1,700 MW, of this potential is used and less than half of this is operational 

(Sofreco et al., 2011). 

 
 

4.1.2. Congo Basin land cover change 

The Congo Basin forest is the world’s second largest, contiguous area of moist tropical forest. The 

Congo Basin’s streams and rivers are susceptible to human activities in the region, facing major 

threats mostly via conversion of forest to agriculture and plantations. In the basin, forest cover is 

mainly converted into a mosaic of agriculture, primarily in the form of traditional shifting 

cultivation, plantations and fallow interspersed with small roads and villages, a rural complex, 

with relatively low tree cover (Molinario et al, 2017).  

Forest degradation is another form of disturbance, where trees are selectively harvested for timber 

products or fuelwood (Tegegne et al., 2016). With the major part of the population reliant on 

fuelwood, wood extraction will likely continue as an important driver of forest disturbance. 
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Current rates of forest cover conversion are less than those in Brazil and Indonesia, yet they are 

increasing (Turubanova et al 2018) and are likely to increase more rapidly in coming years given 

the DRC’s rapid population growth (United Nations 2017) and migration further into forest 

(Nackoney et al 2014). 

 

4.1.3. Hydrological dynamics and land cover change 

 
Flow dynamics of rivers are closely linked to their basins’ ecosystems, with vegetation cover as a 

primary governing factor (Brauman et al. 2007). While the ecosystem itself does not create water, 

it does affect the attributes and modify the amount and the timing of water moving through the 

landscape by reducing available water via ET and groundwater recharge (Brauman et al. 2007). 

River flows can be greatly altered following significant LCLUC in a basin, with effects including 

altering the timing, amount, and kind of inputs of water, light, organic matter and other materials 

to a channel, water flow and water quality (eg. Strayer et al., 2003). Modifications of the Congo 

River’s runoff patterns are mainly caused by agricultural encroachment into forest and pose major 

threats to water supply sources (Partow, 2011).  

As in other regions, the Congo Basin is under increasing pressure from LCLUC that could 

cause increases in runoff coefficients (Calder 1998, Parida 2006) and induce stress on the 

hydrological systems’ ability to meet the demands of growing human populations. The distribution 

of forest-cover in particular influences hydrologic processes through rainfall interception, 

evapotranspiration (ET) and land-surface roughness. These effects can be considered as both 

direct, accounting only for the effects after rainfall, and indirect, accounting for the vegetation’s 

influences on the source and amount of rainfall itself. 
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4.1.3.1.Direct effects 

Direct effects of LCLUC on river flow are primarily via the effects of surface roughness on flow 

rate. This is characterized by the Manning’s roughness coefficient, which represents the resistance 

to surface flow exerted by the land surface and depends on vegetation cover (Kalyanapu et al. 

2010). Change from forest to agriculture reduces resistance and thus shortens the rise time of the 

streamflow hydrograph, producing a greater unit hydrograph peak and increasing the frequency of 

high and low flows. Sangvaree et Yevjevich (1977), in a study in eight different States of the 

United States of America, found that unit-hydrograph peaks of a catchment with mostly 

agricultural cover was two to four times greater than those for mostly forested catchments. They 

also found that an increase in forest cover decreases the peak runoff, with a half-forested catchment 

having a peak flow of the unit-hydrograph about 2.4 times greater than that of a fully-forested 

catchment. The peak flow of the unit hydrograph of a fully-agricultural catchment was over four 

times greater than that for the forested catchment. In their study, they also cite two previous reports 

(Kar 1967, Bell 1968) that both found longer rise times for mostly forested catchments than for 

others.  

Change from forest to agriculture can also lead to slower soil infiltration, lower soil 

moisture and greater surface runoff. Yimer et al. (2008), in a study in Ethiopia highlands,  found 

that infiltration capacity and soil moisture content were 70% less in cultivated versus forested land. 

They attributed this to changes in soil structure caused by surface soil compaction from tillage 

coupled with a lower soil organic carbon content. Groundwater recharge is likely to be affected by 

these land surface disturbances too and should in turn affect the base flow, the portion of the 

streamflow delivered through groundwater seepage. Groundwater is typically primary source of 
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running water in a stream during dry weather. However, there is a lack of information on 

fundamental recharge processes in the Congo Basin at local and basin scales and how these could 

be affected by land use (Alsdorf et al. 2016). An improved understanding of surface water-

groundwater interaction mechanisms would greatly assist basin-wide planning. Nonetheless, 

fundamental information from studies in other regions allow a parameterization of models 

sufficient for the simulation of broad effects of LCLUC on the Congo Basin’s hydrology. 

 

4.1.3.2.Indirect effects 

Coe et al (2009) and Bonan (2008) argued that river discharge should increase proportionally with 

the area deforested in a catchment, since a decrease in landscape-level leaf area index (LAI) in any 

deforestation experiment results in reduced ET and increased runoff. Coe et al (2009) described 

large-scale observations of the response of river discharge to deforestation and conversion to 

agriculture: ET decreases as native vegetation is replaced with less water demanding pasture and 

crops, and annual discharge increases. Numerous global climate model (GCM) simulations of 

large-scale deforestation also showed regional precipitation decreases because of the combined 

influences of increased albedo, decreased surface roughness and decreased water recycling that 

accompany deforestation (eg. Costa, 2005; Delire et al., 2001; Dickinson and Henderson-Sellers, 

1988; Malhi et al., 2008a). Coe et al (2009) concluded that since long-term discharge is the residual 

of the precipitation minus ET, any decrease in precipitation decreases the discharge and offsets 

some or all of the increase in discharge that may result from a local decrease in ET. 

Bonan et al (2008) also stated that forests mediate the hydrologic cycle through ET. Their 

climate model simulations showed that tropical forests maintain high rates of ET, decrease surface 

air temperature, and increase precipitation compared with pasture land. They added that in 
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Amazonia surface warming arising from the low albedo of forests is offset by strong evaporative 

cooling. They noted that similar results are seen in tropical Africa and Asia. Large-scale human 

activities that involve change in land cover, such as tropical deforestation, are likely to modify 

climate through changes in the water cycle (Eltahir and Bras, 1996). This would be the case in the 

Congo Basin where a significant amount of precipitation is recycled via ET from local forests.  

Eltahir and Bras (1996) also described the contribution of local ET into local precipitation, 

in a study for different regions. The authors described the characteristic regional-water cycle: the 

formation of precipitation from both locally recycled water vapor from local ET and atmospheric 

water vapor that is transported from outside the region. They defined the relative contribution of 

recycled precipitation from local ET to total precipitation as the recycling ratio. Dyer et al (2017) 

estimated that the recycling ratio for moisture from the Congo Basin at about 25%, while in both 

rainy seasons the southwestern Indian Ocean contributed about 21%. They claimed that the 

hydrology in areas with high recycling rations are most sensitive to forest clearing because of the 

impact of changes in ET on precipitation. 

The scale of change in forest conversion over a large region is a critical factor. Coe et al 

(2009) found that for the Amazon River “at the micro scale to meso scale, deforestation generally 

results in decreased ET and increased runoff, and discharge” and at the larger scale “atmospheric 

feedbacks may significantly reduce precipitation regionally and, if larger than the local ET 

changes, may decrease water yield, runoff and discharge.” Their simulations indicate that where 

deforestation has not yet exceeded 25% of the watershed area, any changes to discharge are 

probably too small to be detected (<10%). They also concluded that where it has exceeded this, 

the decrease in the net discharge indicated that the regional precipitation changes resulting from 
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the feedback with deforestation were larger than the local ET decreases and thus dominated the 

discharge response. 

These studies corroborate Shukla et al (1990), who previously simulated Amazonian forest 

conversion and regional hydrology. In their model, the removal of Amazon forests and its 

replacement by a degraded pasture reduced annual precipitation by 642 mm y-1, or 26%, and 

reduced ET by 496 mm y-1, or 30%. The authors explained that because ET from the forest is one 

of the important sources of water vapor for precipitation in the Amazon, a reduction in ET should 

lead to a reduction in precipitation. Their value of modeled ET minus precipitation increased in 

the deforestation simulation and modeled runoff decreased as a result because the decrease in 

precipitation was more than the decrease in ET. Their results suggest that a complete and rapid 

conversion of Amazonian forest could have irreversible impacts on hydrology. 

 

4.1.4. Hydrological dynamics and land cover change 

 

Understanding the hydrology of the Congo River requires a model-based approach given the 

paucity of gauge data. As described in the previous chapter, Munzimi et al (2019) developed, 

calibrated and validated a model of Congo River daily flow. The Geospatial Streamflow model 

(GeoSFM) has proven to be particularly suitable for characterizing flow in regions with limited 

in-situ monitoring such as the Congo Basin. The GeoSFM takes physical parameters, including 

soil characteristics associated with land-cover types, as inputs. For a given model parameter, the 

value assigned to sub-basins corresponds to the dominant land cover class, soil class and/or terrain 

represented in a sub-basin.  
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When studying hydrological responses to land cover and climates changes, Zhou et al 

(2014) suggested that water retention, i.e. water residence time in soil, and soil infiltration capacity 

are the most critical parameters, in combination with the ratio of precipitation to ET. The model 

sensitivity they reported corroborates the importance of the four most impactful GeoSFM 

parameters identified in Munzimi et al (2019) Congo Basin modeling: residence time for the 

interflow reservoir and for the base-flow reservoir, river-loss factor, river floodplain loss factor 

and kinematic wave celerity.  

Munzimi et al (2019) adjusted these parameters in GeoSFM for the current LC distribution 

in the Congo Basin and produced an accurate simulation of flow timing and low-flow and peak-

flow magnitudes over a 15-y period for the Congo River at the Kinshasa gauge site (Figure 4.1). 

Model results for average daily flows at this site are within 1% of the reference data from the gauge 

(Munzimi et al 2019). This gauge is the closest to the Inga site, situated 225 km downstream 

Kinshasa, and we expect model performance to be similar for the Congo River at Inga. The flow 

of the Congo River is strongly seasonal. Rainfall comes from both northern and southern 

hemispheres of the Basin, with alternate and asymmetrical dry and rainy seasons between both 

hemispheres (Munzimi et al, 2015). Southern-hemisphere rainfall peaks in October, providing the 

greatest contribution to the river’s annual flow, while northern-hemisphere rainfall peaks in March. 

This results in a high-flow period for the Congo River in November-December, a lesser one in 

April, a minimum-flow period in May and an extended period of modest flow from May through 

September. 
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Figure 4.1 Fifteen years of observed (red) and simulated (blue) daily flow discharge of Congo 
River at Kinshasa from Munzimi et al (2019). As shown for each year there are two peak flows 
and two low flows, which are also featured/found at Inga, denoting a bimodal flow regime. The 
bimodal flow exhibits a peak in December timeframe and a secondary peak in May that is 
approximately 50% of the December streamflow.  The two low-flow periods occur in March and 
July (Munzimi et al, 2019). 
 

Direct effects of LCLUC can be simulated by altering land cover, which alters the associated key 

parameters, for different LCLUC scenarios. Since users can adjust ET and precipitation values 

based on assumptions about changes associated with LCLUC, the GeoSFM model can also be 

used to assess indirect effects and combined effects by simulating climatic feedbacks of forest 

conversion. As an indication of precipitation change impact on discharge, Laraque, et al (2001) 

compared observed precipitation and discharge in the Congo Basin based on few gauges with long-

term data from rain and river gauges. They compared decadal averages for the Ubangi and Sangha 

basins and the overall Congo Basin. Annual precipitation during the last dry period, 1971-1993, 

was on average less than the 1951-1993 by 4% for the Ubangi, by 6% for the Sangha and by 4% 

for the entire Congo Basin. The decreases in discharge during the same dry-period and for the 

same basins were much larger, 34%, 22% and 13%, respectively. By 2000 less than one percent 

of the forests in these basins had been cleared (Hansen et al, 2008). These differences suggest that 

LCLUC was unlikely the cause for the reductions in flow reported in the latter period, although it 

does not exclude the possibility larger areas of LCLUC could in the future. They also suggested 
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that very modest reductions in precipitation can cause large reductions in discharge in the Congo 

River and its major sub-basins.  

The same conclusions have been drawn from two studies in large basins within the 

Amazon. In a study in the Xingu River in eastern Amazonia, Panday et al. (2015) reported that 

model simulations over the period from the 1970s to the 2000s suggest that climate variations 

alone accounted for a 14% decrease in annual discharge, due to a 2% decrease in precipitation and 

3% increase in evapotranspiration. They also reported that deforestation alone caused a 6% 

increase in annual discharge, as a result of a 3% decrease in evapotranspiration. Mohor et al. (2015) 

also found that when changes in precipitation are small in the Amazon Basin, there is a greater 

influence of evaporation changes on the Amazon discharges, resulting in opposite sign between 

precipitation and discharge changes. They added that strong impacts on the dry-season discharges 

have also been verified in the observed discharges in the Amazon basin; they are related to the late 

demise of the dry season associated with the warming in the tropical North Atlantic. They 

concluded  that on average, changes in the annual hydrological cycle indicate a longer duration of 

low discharges in most of the projected scenarios associated with precipitation decreases. Thus, 

according to them, Amazon hydrological regime is very sensitive to environmental changes and 

seasonal changes in precipitation, together with the limitation of the maximum installed capacity, 

explain the decreasing energy production, even when the annual average precipitation increases. 

 

4.1.5. Purpose 

Motivated by the importance of the Congo Basin as a water resource for Africa and proposed 

expansions of hydropower, we sought to estimate the direct and indirect effects of expansion of 

the rural complex into forest on the river’s hydrology and hydropower potential. Using the 
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GeoSFM calibrated by Munzimi et al. (2019), we modeled the impact of LCLUC on flow regimes 

by setting input parameters based on current LC and modifying them for a series of LCLUC 

scenarios. Hydropower potential was evaluated based on modeled total annual and seasonal flow. 

4.2. Data and Methods 

4.2.1. Data 

Fifteen years of daily precipitation derived from the joint NASA/JAXA TRMM 3B42 product 

(Huffman et al. 2007) and daily ET from NOAA Global Daily Reference Evapotranspiration 

product (GDET; Senay et al. 2008) converted to potential evapotranspiration by GeoSFM provided 

the baseline for current climate. Precipitation was averaged over 15 years (1998-2012) per sub-

basin unit (Figure 4.2). Current land conditions are from raster data on soil type and texture from 

the United Nations Food and Agriculture Organization (FAO) Digital Soil Map of the World (FAO 

1995; 1971–1981), and topography is from NASA’s Shuttle RADAR Topography Mission 

(SRTM; Van Zyl 2001; Rodriguez et al. 2006), resampled from 90 m to 180 m to increase 

computational efficiency. Land cover for the basin is compiled from raster data on tree cover and 

vegetation type (Potapov et al. 2012), derived from Landsat and MODIS imagery, and wetlands 

extent, derived from Landsat, MODIS and MERIS (Bwangoy et al. 2010; Clevers et al. 2004). 

The land-cover map estimates that the basin is 59% forest and woodland, 11% wetland, 7% water 

bodies, and the remainder savannah and human settlements (Munzimi et al. 2019).This product 

was then use to assign majority land-cover classes to each sub-basin unit (Figure 4.3). 

GeoSFM partitioned these data into 2,950 sub-basins, the modeling units, averaging 1501 

km² each and covering the study area, the Congo Basin (Munzimi et al. 2019). We assigned 

averages for continuous variables and majorities for discrete variables to each sub-basin to 
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parameterize a baseline. We defined four scenarios of LCLUC, where 25%, 50%, 75% and 100% 

of forest in the basin was converted to rural complex. New areas of rural complex were distributed 

spatially by buffering around existing ones, based on Molinario et al. (2015). If this caused a 

change in the majority land cover from forest to rural complex in a sub-basin, then the new majority 

class was assigned (Figure 4.4). This requires a re-calculation of land-cover derived attributes, 

which are calculated in GeoSFM based on the combination of land cover, on which surface 

roughness depends, topography and soil type. 

To account for indirect effects, precipitation and ET were adjusted per sub-basin depending 

on majority land cover. We used a recycling ratio for precipitation of 25%, from Dyer et al (2017), 

where forest is converted to rural complex.  

 
 
a)           b)     
 

 
 
Figure 4.2 Satellite-derived estimates of bioclimatic data inputs used in the GeoSFM model: a) 
current annual precipitation and b) evapotranspiration. See main text for data sources. 
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a)           b) 

 

 
Figure 4.3 Land cover classes used in the GeoSFM model: a) at full resolution compiled from a 
suite of existing, satellite-derived data products and b) majority values assigned to the 2,950 sub-
basin units of the model. See main text for data sources. 
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c)                        d)  

 
e)                        f)  

  
Figure 4.4 Definition of four scenarios of land-cover change where a) 25%, b) 50%, c) 75% and d) 100% 
of forest is converted to rural complex and the resulting majority land-cover class is assigned to each sub-
basin polygon. Legend is the same as in Figure 4.3. 
 
 

4.2.2. Direct effects 

We prepared the input files, performed a soil-moisture accounting, and then routed the output 

through the river system. GeoSFM contains algorithms for estimating 30 flow-simulation 

parameters for each catchment and river reach, based on elevation, land cover and soil data. Land 
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cover influences both the rate of runoff generation and the rate of overland-flow transport. Its 

derived parameters are either from land cover alone or land cover combined with elevation and/or 

soil derivatives (Asante et al. 2008).  

GeoSFM’s hydrologic module then calculated water balance from time series-data of 

precipitation and ET and routes the balance through the river basin based on the above pre-

processed data, estimating simulated soil moisture, runoff and transport. Accounting of soil 

moisture allowed us to estimate water directed to streamflow through the soil. We used a non-

linear soil-moisture accounting routine, one of the two routines available in GeoSFM to perform 

the vertical separation of precipitation into atmospheric releases, surface runoff, and sub-surface 

flows. We then used a diffusion-analog routine, one of the three river-flow transport routines in 

the module, for simulating the horizontal movement of water through the river network.  

We repeated this process for each scenario, with parameters values based on the 

distribution of LCLUC in each, including the four most impactful parameters related to surface 

roughness and soil infiltration. In GeoSFM, the residence time for the interflow reservoir and the 

residence time for the baseflow reservoir are required for soil moisture accounting, while river loss 

factor, river floodplain loss factor and kinematic wave celerity are required for river flow transport. 

In implementing the soil-moisture accounting and diffusion-analog routines, a series of algorithms 

relate these parameters to land-cover characteristics, as described in Asante et al (2008). The Non-

linear Soil Moisture Accounting (NSMA) module represents sub-surface processes by creating 

separate soil layers within which interflow and baseflow occur. The runoff-curve number method 

from the Soil Conservation Service (SCS), which takes into account vegetation, soil type and 

antecedent moisture, is used to partition runoff into surface and interflow components. The Green 

and Ampt equation is used for extracting water from the interflow soil layer to feed the baseflow 



 

 

96 
 

soil layer. The curve number is used to generate excess precipitation when the daily precipitation 

is higher than 20% of the runoff:  

 RUNOFF = (precipitation − 0.2((1000/CN) − 10))2/(precipitation − 0.8((1000/

CN) − 10)) (1) 

where RUNOFF is runoff from excess precipitation in mm, precipitation is in mm and CN is 

runoff-curve number (unitless). Water infiltrated in the soil is gradually released from the interflow 

and baseflow reservoirs for transfer to the nearest stream, downstream through the stream network 

and finally to a terminal point in an ocean or inland lake. The rate of release of water from each of 

these reservoirs is governed by a linear-response function with residence times obtained from the 

input river characteristics. The responses for the fast- and slow-interflow and baseflow reservoirs 

are: 

   INTERFLOWfast = INTERFLOWSTORfast/LAGIRF  (2) 

      INTERFLOWslow = INTERFLOWSTORslow/(0.5/LAGIRF) (3) 

              BASEFLOW = GWSTOR/LAGGWT   (4) 

where INTERFLOW is the response for the fast or slow interflow (interflow residence time) in 

days, INTERFLOWSTOR is the reservoir for soil moisture storage (mm), LAGIRF is the linear 

reservoir routing constant for interflow runoff, BASEFLOW is the baseflow residence time in 

days, GWSTORE is the storage in the ground water reservoir (mm) and LAGGWT is the linear 

reservoir routing constant for groundwater runoff. 

 

4.2.3. Indirect effects 

To model the additional effect of climatic feedback, the LCLUC in each scenario is used to adjust 

precipitation and ET and the resulting water-balance input to the model. For polygons that changed 
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from majority forest to majority rural complex, ET is reduced by 8% and precipitation by 2%. To 

obtain these values, we retrieved and compared ET from the two land cover classes, which differ 

per their tree density and canopy cover. In less dense class such as rural complex, ET is 8% less 

than in forested areas in the baseline data. Since we assume a recycling ratio of 25%, we adjusted 

precipitation proportionally, resulting in a precipitation reduction of 2%, where sub-basin polygons 

changed from majority forest to majority rural complex. This results in an adjustment factor of 

0.92 for ET and 0.98 for precipitation in converted areas. The new values of water balance were 

used for a second series of scenarios that simulated the combined direct and indirect effects of 

forest conversion. 

 
 

4.2.4. Hydropower potential 

 
The Inga site has a high-flow profile and low head, i.e. a small vertical distance between the highest 

and lowest water surface within a specified distance, the penstock length. The two key calculations 

to estimate the variation in the dam’s hydropower potential are the flow discharge variation and 

the head at stream level. We simulated monthly means of potential from monthly means of flow 

discharge, with the head at stream level, calculated from NASA SRTM digital elevation model 

(DEM), held constant. The head grid was computed by: 

     Head = L sin θ      (5) 

where L is penstock length, set at 100 meters and θ is the slope generated from the elevation grid.  

We aggregated and averaged monthly-flow discharge from the daily flows estimated by Munzimi 

et al. (2019) for the baseline and then from the daily flows for the model results of each scenario. 

The variation of the gross hydropower potential was computed for a 100-m section of the Congo 
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River at Inga using the head at that location, extracted from the head grid computed from slope 

derived from the elevation grid (equation (5)). The variation of power available at Inga was 

calculated from the variation of flow discharge in each scenario: 

             ΔPower = H ΔQ p g * 0.001   (6) 

where ΔPower is change in hydropower potential in Kilowatts (KW), H is head in m, ΔQ is change 

in flow in m3 /s, p is water density set at 1000 kg m-3, and g is gravitational acceleration 9.81 m s-

2 (adapted from Asante et al, 2007). 

 

4.3. Results 

4.3.1. Flow discharge 

 
Routines for river-flow transport simulated the horizontal movement of water through the river 

network. As surface runoff is channelized, the timing and amount of runoff generation affects the 

routing of the water in the river channel. The timing and magnitudes of peak and low flows of the 

Congo River at Inga for all conversion scenarios are shown in Figure 4.5. Their magnitudes and 

trends of change differ across conversion scenarios and seasons. The basin has two dry seasons 

and two rainy seasons, which are of different lengths. These can be characterized as a minor dry 

season from January 1 to February 14 (Early dry season, ED), a minor rainy season from February 

15 to May 14 (Early wet season, EW), a major dry season from May 15 to September 14 (Late dry 

season, LD) and a major rainy season from September 15 to December 31(Late wet season, LW) 

(Figure 4.6).  

Figure 4.5 illustrates significant changes from baseline peak flow after forest conversion for all 

scenarios. However, change of peak flows are not as significant as changes low flows across the 
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four conversion scenarios without and with climatic feedback. Additionally, as more forest is 

converted, the rise time and recession time of the hydrographs get faster. With more forest 

converted, there is more rainfall-runoff on the surface rising fast to the peak during the rainy season 

but there is less water available from soil during the dry season, explaining the faster recession.  

Regarding the magnitude and trend of change of the secondary peak, from April to May 

(EW following the ED season), a delay can be observed in comparison to the baseline for all 

conversion scenarios. This might be caused by major decrease and slow-down of groundwater 

recharge during the ED that precedes EW as a result of forest conversion. 

All LCLUC scenarios without climatic feedback produce higher peak hydrographs at the Congo 

River at Inga (Figure 4.5). They also produce minimums in the ED season that significantly 

decrease such that the annual minimum has shifted from the LD season to the ED season. Changes 

in lag time can be observed for each of those seasonal minimums. The low-peak flow and the low 

minimum are delayed by up to three and four weeks, respectively. 

The trends in peak flow (LW) are similar to those found in previous studies although with different 

magnitudes. A subtle gradual trend in the increase in peak flow, from 6.9% to 7.9 % (~7% to 8%), 

is observed at the Congo River at Inga with increasing forest conversion (Table 4.1 and Figure 

4.5). However, in the indirect-effects model, the hydrographs consistently decrease for all four 

scenarios. 

4.3.2. Surface runoff 

 
Annual surface runoff volume has been derived from simulated daily flow discharge at the Congo 

River outlet. Model results of changes in annual surface runoff volume caused by LCLUC without 

and with climatic feedback are shown in Table 4.1 and Figure 4.7. Without climatic feedback, 
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annual surface volumes of runoff are greater than the baseline in all scenarios. However, the 

increase relative to the baseline is greatest, 4.7%, for the 25%-conversion scenario and 

progressively smaller for the subsequent three scenarios, down to 1.6%. When we include the 

climatic-feedback component of the model, i.e. ET and precipitation both decrease for sub-basins 

that have changed from majority forest to majority agricultural mosaic, annual surface runoff 

volumes are 7.5% smaller for the 25%-conversion scenario and decline to 9.1% smaller for the 

100%-conversion scenario. Annual surface runoff volume is thus more sensitive to the cumulative 

effect of LCLUC when combined with the simulated decreases in ET and precipitation. Scenarios 

with indirect effects all produce rates of annual runoff lower than the baseline (Table 4.2). 

 

4.3.3. Hydropower potential 

 
Following Congo Basin forest clearing and conversion to rural complex, hydropower potential is 

affected by both higher peak flows and lower peak and low flows. Estimates of changes in 

hydropower potential at Inga are proportional to those of the flow magnitudes. Under current 

conditions, estimated hydropower potential during peak flow is 44,293 MW, from an estimated 

peak flow of 56,439 m3/s and an average head of 80 meters. During the LD season in particular, 

the streamflow under current conditions reaches is lowest and is estimated at 30,502 m3/s, 

corresponding to a hydropower potential of 23,938 MW. 

Peak flow following LCLUC simulations with no consideration to climatic feedback goes 

up to 65,199 m3/s. This corresponds to an increased hydropower potential of 51,168 MW, which 

could exceed plant capacity limitations. However, the substantial decreases of low flow are of 

particular concern for hydropower potential. It could possibly cause disruptions during these 
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periods. Indeed “low discharge variability has an important influence on the energy production of 

the run-of-river plants because the plants do not have reservoirs that allow for the storage of water 

during the wet season or regulation of discharges during the dry season” (Mohor et al. 2015). 

Under simulations that include indirect effects of LCLUC, increasing forest conversion causes 

decreases in low flow to 28,761 m3/s (25% forest conversion) to 23,115 m3/s (100% forest 

conversion). These correspond to estimated losses of hydropower potential from 1,366 MW to 

5,797 MW for the LCLUC scenarios.  

  
Figure 4.5 Daily average hydrograph at the Congo River at Inga under four scenarios (25, 50, 75% and all 
forest conversion to rural complex) with and without consideration to climatic feedback. With forest 
conversion to rural complex, the rising limb get steeper, the rise time get slightly shorter and the peak 
discharge get slightly higher. In red, current daily average hydrograph. Increase of runoff contribute to a 
slightly higher peak flow. Yet, the increase of runoff occurs at the cost of groundwater recharge impacting 
low flow by a noticeable decrease. 
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Figure 4.6 Daily mean precipitation (1998-2012) in the overall Congo Basin 
 

 
 
 
Figure 4.7 Change in annual runoff volume/depth induced by LCLUC without and with climatic fee

0

1

2

3

4

5

6

1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct 1-Nov 1-Dec

Da
ily

  p
re

ci
pi

ta
tio

n 
in

 m
m

Early wet Late dry
(LW)(EW)(ED) (LD)

280

300

320

340

360

An
nu

al
 su

rf
ac

e 
ru

no
ff 

vo
lu

m
e 

in
 m

m
/y

ea
r

Current conditions
Quarter forest conversion to rural complex
Half forest conversion to rural complex
Three quarter forest conversion to rural complex
All forest conversion to rural complex
Quarter forest conversion to rural complex
Half forest conversion to rural complex
Three quarter forest conversion to rural complex
All forest conversion to rural complex

Early dry Late wet 



 

 

103 
 

 
Table 4.1 Maximum (peak) and minimum (low) flow magnitude and percent of flow decrease/increase under the eight scenarios with 
no climatic feedback and with climatic feedback   

Peak 

flow in 

m³/sec 

Low 

flow in 

m³/sec 

Percent 

increase/ 

decrease 

Percent 

increase/ 

decrease 

Current conditions 60391 30956 
  

     

No climatic feedback 
    

Quarter forest conversion to rural complex 64596 31806 7 3 

Half forest conversion to rural complex 64739 31384 7 1 

Three quarter forest conversion to rural complex 64471 30663 7 -1 

All forest conversion to rural complex 65199 28956 8 -6 

     

Climatic feedback 
    

Quarter forest conversion to rural complex 56131 28485 -7 -8 

Half forest conversion to rural complex 56293 28217 -7 -9 

Three quarter forest conversion to rural complex 56136 28068 -7 -9 

All forest conversion to rural complex 57087 27627 -5 -11 
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Table 4.2: Change in annual surface runoff volume/depth induced by LCLUC without and with climatic feedback 

 
Average discharge at Inga 

Runoff 

depth Runoff increase 

 
m3/sec mm/year % 

Current conditions 39530.73607 337.88   

    

No climatic feedback 
  

  

Quarter forest conversion to rural complex 41386.89191 353.75 4.70 

Half forest conversion to rural complex 41093.88387 351.25 3.95 

Three quarter forest conversion to rural complex 40695.64631 347.84 2.95 

All forest conversion to rural complex 40164.57754 343.30 1.60 

Climatic feedback 
   

Quarter forest conversion to rural complex 36556.11379 312.46 -7.52 

Half forest conversion to rural complex 36393.87054 311.07 -7.94 

Three quarter forest conversion to rural complex 36156.23322 309.04 -8.54 

All forest conversion to rural complex 35935.78314 307.16 -9.09 
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4.4. Discussion 

 
Our model simulation of the effects of LCLUC on Congo Basin’s hydrology indicates 

the importance of considering both the direct effects, where LCLUC alters land-surface 

conditions, and the indirect effects, where LCLUC also alters local ET and 

precipitation. Accounting only for direct effects, the model shows increases in total 

annual flow relative to the baseline for all LCLUC scenarios, although these increases 

are progressively smaller as more forest is converted. Increases in annual flow with 

forest conversion is from large increases during the high-flow season that more than 

offset decreases in flow during the low-flow season (Figure 4.5, Table 4.1). This is 

likely a result of an increase in surface runoff following rains during the high-flow 

season, the surface runoff rapidly reaching the Congo River, compared to groundwater 

that can take as long as one year (Munzimi et al, 2019). Although, groundwater-surface 

water interactions are not completely captured by GeoSFM because of the model 

structure presenting certain limitations in characterizing groundwater storage, water 

balance is partitioned to surface runoff and to water infiltrated in the upper and lower 

soil layers by GeoSFM. It is thus possible to gain some useful insights into the plausible 

groundwater contribution to dry-season flows. 

With no climatic feedback, Congo River maximum flow is fairly stable at 7% 

to 8% above the baseline with increasing forest conversion (Figure 4.5). In contrast, 

the minimum flows decrease progressively from 1% to 6% below the baseline with 

increasing forest conversion. The gradual decrease of dry-season flows with increasing 

forest conversion suggests an impact on groundwater. Forest conversion reduces 
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surface roughness and soil infiltration. Consequently, the ED season characterized by 

months of no rains leads to no groundwater recharge, particularly affecting the seasonal 

flow as relatively more water is extracted from than recharged to the ground. This 

appears to impact groundwater storage and thus decreases baseflow, the main source 

of water for the river during the dry season. “Streamflow is maintained by groundwater 

discharge known as baseflow, as long as the water table remains above the stream 

bottom (Delleur 1999). Yet, by taking long to reach the river, the water extracted from 

groundwater to feed surface water also affects the flow during the following wet season 

(EW). This might explain the prolonged low flow during the EW and the later 

resurgence of flow above baseline flow during the LD. Indeed, later in the LD season, 

flows under all four forest-conversion scenarios increase, surpassing the baseline 

levels. In summary, of these two indicators, surface runoff and groundwater recharges, 

the most sensitive, both in terms of change from baseline and trend among the four 

scenarios, is groundwater recharge. Since groundwater reaches the river much more 

slowly than does surface runoff, the groundwater recharge has a large effect and may 

be the main component driving the results of the flow timing seen in Figure 4.5. 

In the combined-effects model, when we add indirect effects by including 

LCLUC effects on ET and precipitation, we find that a modest percent decrease in 

seasonal rainfall can contribute to larger changes in the Congo Basin’s hydrological 

regime. This agrees with the historical assessment by Laraque, et al (2001), whose 

comparisons of decadal averages show reductions in river discharge from 13% to 34% 

associated with reductions in precipitation of only 4% to 6%. The combined-effects 

model produces reductions in flow relative to the baseline levels across all seasons. 
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Peak flows no longer increase, rather they are all less than the baseline for all levels of 

forest conversion. It also produces progressively larger reductions with more forest 

conversion. Furthermore, the largest reductions now occur in the late-dry season, as 

opposed to the early-dry season when only direct effects are modeled.  

There are large differences during the LD season between the results of the 

direct-only scenarios versus those of the combined-effects scenarios. These differences 

suggest that when precipitation is reduced the negative groundwater recharge and other 

losses that occur in the ED season extend into the LD. The reduction in precipitation is 

sufficient to alter the contribution of the northern rains in the LD season to the seasonal 

recovery of river flow. In the ED season, the reduction in flow estimated from 

combined effects are from 7% for the 25%-conversion scenario to 17% for the 100%-

conversion scenario. In the LD season these reductions are 8% to 18%.  

We know of no previously published simulations of LCLUC effects on the 

Congo Basin’s hydrology and River’s flow, although several exist for the Amazon 

Basin and its major sub-basins, which is of a similar geographic scale yet has much 

more data from rain and stream gauges as well as a research base. In their model 

simulations of river discharge under conversion to pasture and its subsequent climatic 

feedback, Coe et al (2009) found that in the absence of any significant atmospheric 

feedbacks to precipitation, deforestation of 7%, 25% and 40% caused increases in 

discharge at the mouth of the Amazon of 2%, 5% and 7%, respectively. When they 

included climatic feedback from deforestation, precipitation usually decreased, and 

flow discharge varied with not just the amount of decrease in precipitation but also with 

the location and the extent of the deforestation. For instance, in the case of the Rio 
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Negro 15% deforestation caused an 8% decrease in precipitation and a 10% decrease 

in discharge. In the Xingu, 26% deforestation caused a 15% decrease in precipitation 

and a 11% decrease in discharge. However, in the Tocantins and Araguaia Rivers of 

north-eastern Amazonia, 25% deforestation caused no significant change in 

precipitation and showed an increase discharge.  

In another simulation of land use and hydrology the Xingu river, Stickler et al 

(2012) reported on the effects deforestation impacts on local ET within the watershed 

versus impacts on regional precipitation and the resulting impacts of both on river 

discharge and energy-generation potential for the Belo Monte energy complex on the 

Xingu River in the eastern Amazon. In these simulations, impacts on ET of 

deforestation levels of 20% and 40% increased discharge by 4% to 8% and 10% to 

12%, respectively, with similar increases in energy generation. When the impacts on 

regional precipitation from these same deforestation rates were included in the 

simulations, reductions in precipitation offset the above increase and instead led to 

decreases in discharge of 6% to 36%. They found that under business-as-usual 

projections of 40% deforestation for 2050, simulated power generation declined to only 

25% of maximum plant output and 60% of the industry’s own projections. These 

studies corroborate the previously mentioned study of Panday, et al (2015), who found 

that when excluding the effects of deforestation on precipitation, deforestation caused 

increases in discharge, but including them more than offsets these increases, leading to 

net decreases in discharge. Mohor, et al (2015), in the simulations with a set of climate 

projections, also found large decreases in discharge, around 40% and 75%, under 

projected decreases in precipitation of 15% and 25%, respectively.  
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In summary, these studies of the Amazon Basin corroborate the major findings 

of this chapter of the Congo Basin. Forest conversion to non-forest land cover directly 

causes increases in annual discharge and higher peak flows. Conversion also decreases 

ET and thus decreases precipitation, decreasing the net water balance. The relatively 

small decreases in this balance consistently cause large decreases in the flow discharge 

of rivers in large basins. In almost all cases of simulations in the Amazon Basin, and in 

our study of the Congo Basin, these decreases more than offset the increases from the 

direct impacts, dominating the net result of decreasing river-flow discharge. The 

impacts in the Amazon Basin are in some cases similar in magnitude and in other cases 

larger. The larger impacts found for the Amazon Basin compared to our study might 

be due to forest conversion to pasture in the Amazon Basin versus to rural complex, a 

mosaic of agricultural fields and forest fallows. 

Considering Congo Basin location astride the Equator, the alternate seasonal 

pattern of rainfall that feeds streams situated upstream Inga hydroelectric site will 

eventually be disrupted because of the climatic feedback. Indeed, following an eventual 

Congo Basin forest conversion to rural complex and its resulting climatic feedback, 

potential change of flow discharge could, depending on the land cover land use change 

magnitude, decrease hydropower generation at the Inga facility downstream Congo 

River. The modeled changes in hydropower potential particularly during dry season 

range from -1,366 MW to -5,797 MW, the latter corresponding to the hydropower 

potential of countries such as Zambia or Angola and of grand projects such as the Grand 

Ethiopian Renaissance Dam. These losses would necessitate management strategies 
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that might be different from the current ones, to compensate for flow modifications 

(Majone et al, 2016). 

Greater than usual water balance has the potential to damage hydroelectric 

power plants structures. For example, the Guajataca Dam in Puerto Ricco was damaged 

when experiencing a structural failure on September 22, 2017, due to the hit from 

Hurricane Maria, requiring the evacuation of thousands of people downstream. The 

water balance increase was caused by days of heavy rain following Hurricane. The 

potential for rare but large storm events following LCLUC should be taken into 

consideration in planning for the Inga and other dams.  

The most consistent results among all scenarios modeled is the reduction in flow in the 

dry season caused by forest conversion. The amount and duration of this reduction 

varies with the amount of forest conversion and whether or not indirect effects are 

included. Given the ample studies on deforestation impacts on ET and precipitation, 

and increasing demand for agricultural land in the Congo Basin, the 25%-conversion 

scenario with indirect impacts is a scenario of reasonable assumptions. In various 

regions including the Congo Basin, worsening droughts are already a threat to the 

ability of dams to meet their power production targets (Imhof et Lanza, 2010). The 

impacts of this scenario on flow throughout the entire early and late dry seasons are 

large, warrant further investigation, and warrant consideration in current planning of 

the Inga dam. All of these results could be either exacerbated or mediated by future 

global climate change. GCM results and regional climate change model results for 

precipitation in the Congo Basin disagree from a modest wetting to a modest drying 

(Sori et al 2017; Tshimanga et Hughes 2012; Mukheibir 2007; Paeth et Thamm 2007). 
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Thus far, GCMs do not indicate large enough changes that would change the general 

results and implications of this chapter. 

 

4.5. Conclusion 

 
This chapter hinted on the significance of the impact of forest loss on the hydrological 

system. The Congo Basin faces conflicting interests: the development of agriculture 

inducing the intrusion of the rural complex in the forest domain and the conservation 

of the Congo Basin water resources integrity by keeping the forest cover intact. This 

conversion will not only affect terrestrial characteristics of the watershed including soil 

infiltration and surface roughness but will also affect the water balance through a 

climatic feedback of the LCLUC depending on the change magnitude. Conversion of 

forest to rural complex has the potential to alter streamflow regime to the detriment of 

Congo Basin ecosystem services and even to the detriment of existing infrastructures 

such as the Inga hydropower facility downstream Congo River. 

Our model simulations predict large impacts of LCLUC on river flows and 

hydropower potential. In the wet season, possible extreme flow events could stress 

power stations. In dry season, flows may not suffice to meet demands. If indirect effects 

are considered, major concerns in early through late dry seasons, comprising half of the 

calendar year. We find very different results when we do or do not include indirect 

effects in the model. This model also was by necessity parameterized, and calibrated, 

with very few available data. We recommend, given the ecological and economic 

importance of the Congo River, and given the potential range of impacts estimated in 
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this model, prioritizing further data collection required to enable further simulations. 

These data include: additional rain and stream gauges, field measurements of soil key 

parameters in forest and converted land. These would enable more robust models, 

model validation, sensitivity analyses and model inter-comparison. 
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Chapter 5:  Summary of findings, significance and future 
research directions 
 
 

Quantitative and spatially explicit data on rainfall and streamflow discharge are 

necessary to advance research and to support informed decision-making on issues 

related to water sector. This dissertation investigates the development of hydrological 

modeling supported by remote sensing in an effort to quantify rainfall and streamflow 

data in the Congo Basin. The research provides key baseline information on current 

rainfall and streamflow regimes in the Congo Basin and assesses the hydrological 

response to potential LCLUC in the region. 

 

5.1. Summary 

The contemporary rainfall regime is characterized by the statistical re-

calibration of  TRMM data, providing accurate rainfall data and proposing a new 

classification of the Congo Basin climate using our re-calibrated TRMM product 

(Chapter 2). A discussion on seasonal rainfall patterns across the Basin and its 

relationship with Congo River streamflow regime is also conducted.  Our goal was to 

assess standard and regionally-calibrated TRMM products for future Basin-scale 

hydrological modeling of the Congo Basin that will employ the improved rainfall data 

in characterizing Basin streamflows. The resulting estimates of seasonal rainfall 

patterns and their relationship with Congo River streamflow regime guided the 

methodological development used for the modeling effort in chapter 3. The monthly 
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re-calibrated TRMM estimates are not used to drive our daily flow model in the 

following chapters. A re-calibration of daily rainfall was not possible since daily gauge 

data were not available at that time. We concluded that the importance of the daily time 

step of input rainfall is greater than the adjustment of the monthly data, and so we used 

an approach in the following chapters that takes the original TRMM daily data but 

conducts a calibration of the streamflow model based on the flow data from the in-situ 

gauges.  

Chapter 3 describes the establishment of the baseline information on daily flows 

throughout the Congo Basin, which in turn provide a basis for assessing future 

hydrologic changes caused by changes in land cover and climate. The results of this 

chapter can be used to support operational short-term management and planning in the 

Congo Basin. In Chapter 4 we use the improved daily streamflow to study the 

hydrological responses to LCLUC across the Congo Basin. In doing this, the study 

explored four scenarios of potential forest conversion to the agriculture-dominated 

rural complex and quantified their impacts on flow and hydropower potential 

downstream Congo River at Inga.  

 

5.2. Major findings and contributions 

This research indicates that TRMM 3B42 Version 6 data are appropriate for 

quantifying Congo Basin rainfall regimes and for deriving climate maps when 

calibrated by ground gauge data sets from within the region. TRMM data re-calibration 

with contemporary ground data from rain gauges from the core of our region of interest 

was validating by WORLCLIM data. Results illustrate the value of statistical 
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derivatives of the daily TRMM data in predicting monthly precipitation, although the 

generalized bagged regression tree model was very conservative in not predicting 

monthly rainfall greater than 300mm. This was due to the limited number of high 

monthly input observations coupled with a lack of separability of these months in the 

statistical feature space.  

The model was differentially additive in augmenting monthly TRMM 3B42 

data, particularly during dry season months characterized by light rain events, 

representative of stratiform rain in the Congo Basin. Convective storms, intense and of 

short duration, characteristic of the rainy season months in the Congo Basin were also 

subject to this model augmentation.  The results indicate a lack of sensitivity of TRMM 

data to these two different types of rain. The chapter explained the two sources of rain 

event omission by TRMM sensors, omitting missing rainy-season convective and 

omitting dry-season stratiform rain events, explaining the overall underestimation of 

rainfall throughout the year in the Congo Basin. 

The climate map based on the re-calibrated TRMM data has some strengths. 

First, the tropical rain forest and monsoon climates characteristic of the Congo Basin 

are more accurately depicted than in previous maps.  Second, the hot semi-arid climate 

and the hot desert climate erroneously depicted in the map of Peel et al. (2007), the 

most-widely used climate map for the region to date, are not mis-characterized. Third, 

the highland climate, absent in Peel’s map, is captured. The overall performance of the 

re-calibrated TRMM-derived climate classifier is promising, although its application 

in other regions would most likely require local TRMM re-calibration with appropriate 

ground data specific to the region of interest. 
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We examined seasonality of rainfall in the Congo Basin using the re-calibrated 

TRMM product of this study and were able to correlate it with the ITCZ in terms of 

rainfall timing (Waliser and Gauthier 1993) and in terms of rainfall amounts (Tsuneaki 

2011). The ITCZ passes through the Southern hemisphere from October to April and 

the Northern hemisphere from April to October. Our results show April and October to 

be the peak rainfall months for both hemispheres, which is consistent with Waliser and 

Gauthier’s model that places the ITCZ position near the equator during these two 

months. Tsuneaki (2011) explained the driving forces of the seasonal variation of the 

ITCZ, and found that the origin of the water vapor fluxes feeding the ITCZ varied by 

season. In April, the water vapor flux is mostly derived from the Indian Ocean via 

Tanzania. In October, the water vapor flux is supplied from within the Congo Basin. 

Varying sources of water vapor could explain the difference between the two peak 

rainfall months (April and October) observed across the Basin in this study. It receives 

more rain in the August to December time-frame than the mirrored period of year of 

February to June, confirming that the southward movement of the ITCZ is the dominant 

rain mechanism over the Basin.  

 

The rainfall results of this study explain the two peak flows of the stream 

hydrograph at Kinshasa, the capital of the Democratic Republic of the Congo. The 

Kinshasa gauge station is situated along the lower reaches of the Congo River, roughly 

400km from the ocean, close to the Basin outlet, providing an accurate representation 

of the Basinwide flow dynamic.  There are two peaks of high streamflow, one in 

November with maximum annual flow and the other in April with 50% to 80% of that 
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of November.  Testing against the stream gauge data of Kinshasa, including time lags, 

a high correlation of 0.81 between rainfall and streamflow was found for the re-

calibrated TRMM model with a one month lag. The re-calibrated TRMM product of 

this chapter is consistent in the depiction of intra-annual rainfall variation and its 

influence captured in observed downstream Congo River hydrographs. 

The third chapter describes the application of remotely-sensed data for 

hydrological modeling of the Congo Basin. Satellite-derived data, including TRMM 

precipitation, were used as inputs to drive the GeoSFM model to estimate daily river 

discharge records over the basin from 1998 to 2012. However, the daily temporal 

resolution of the climatological data, precipitation and evapotranspiration, required to 

drive the daily model prevented the use of the re-calibrated monthly TRMM data 

processed in our previous chapter. Temporal downscaling procedures would have 

required a much greater coverage of gauge data, as would any other option for re-

calibrating daily data. This lack of daily-observed rainfall data prevented us from re-

calibrating TRMM product on a daily scale in the previous chapter, explaining our 

focus on a monthly re-calibrated product in chapter 2.  

 

A physically-based parameterization of the USGS hydrological model 

(Geospatial streamflow model, GeoSFM) is augmented with a spatially-distributed 

calibration that enables GeoSFM to simulate hydrologic processes. One major process 

is the slowing effect on downstream flow of the Cuvette Centrale, the bowl-shaped 

depression with wetlands, which lies in the center of the basin and extends in all 

directions along the arc of the Congo River. Wetlands such as the inland drainage of 
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the Cuvette Centrale have a substantial impact on river basin flow rates, as wetland 

water depths are shallow within a diffuse channel geometry (Betbeder et al. 2014, 

Alsdorf 2016).  The model is able to account for the detention of water in the floodplain. 

Our overall approach consisted of an initial model parameterization for basin-wide 

daily flow, a basin-level calibration for the Congo River downstream the Cuvette 

Centrale, and a subbasin level calibration for Congo River’s tributaries upstream the 

Cuvette Centrale.   

The annual average flow from the model simulations of daily flow and the 

observed flow at the Kinshasa gauge were very similar, 40,631 m³/s and 40,638m³/s 

respectively, over the 7-year validation period average (2004 - 2010). The simulations 

show no significant bias and a Nash-Sutcliffe model efficiency coefficient of 0.70. 

Comparisons of modeled daily flows and aggregated monthly river outflows to 

historical averages for additional sites confirm the model’s reliability in capturing flow 

timing and seasonality across the basin.  

The results of this model can be useful in research and decision-making 

contexts and validate the application of satellite-based hydrologic models driven for 

large, data-scarce river systems such as the Congo Basin. Our results also corroborate 

findings from our previous chapter: the peak flows at Kinshasa in November-December 

and April-May are driven by the November and March rainfall peaks with about a 

month lag, and these rainfall timing were accurately estimated by the TRMM product. 

As the passage of ITCZ drives rainy and dry seasons in the Congo Basin, the seasonal 

progression of the ITCZ influences surface waters of the basin as well. The 

geographical distributions of the day of minimum and peak flow, shown in Figure 3.13, 
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illustrates day of minimum flow trends southward from the from early February to late 

October, with the exception of the northern-most part of the Basin where it occurs in 

April-May. The trend is reversed for day of peak flow that progresses northward from 

early February to late October. From July to August, peaks occur mostly in the 

northern-most part of the Basin. In addition, the equatorial belt is dominated by peak 

flows in November and December. These spatial patterns can be interpreted in the 

context of the migration of the ITCZ and the different origins of the water vapor fluxes 

feeding the ITCZ, which varies in different seasons. The month of maximum 

precipitation for re-calibrated TRMM data (Figure 2.8a ) and of the day of peak flow 

(Figure 3.13) show a strong agreement. 

Corroborating previous studies, the streamflow model from the present study captured 

the difference between the equatorial rivers having in two peaks flows per year, 

whereas non-equatorial rivers basins have only one peak flow annually; as the varying 

sources of water vapor have explained the difference between the two peak rainfall 

days and months in April and October, which consequently drive the high streamflow 

of the Congo River in November and December, benefiting from the larger volume of 

water brought in by the ITCZ in October. 

Despite some limitations in streamflow modeling, the basin-wide level and 

subbasin wide calibrations successfully accounted for the majority of the spatial and 

temporal hydrological patterns of the Congo Basin when evaluated over the entire 

validation period. More challenging was capturing temporal patterns (timing and shape 

of seasonal cycle) at the daily level, and here the range of r² values from regressing 

modeled versus observed daily flows were encouraging. However, even though 
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temporal patterns (seasonality and timing) were successfully captured at all locations, 

discrepancies in magnitude of the seasonal cycle at some locations suggest that flow 

discharge may still be biased for some streams within the basin. Nonetheless, these 

limitations did not prevent us from assessing the hydrological response downstream 

Congo River of potential LCLUC in the Congo Basin in chapter 4. 

In chapter 4, we present a model-based assessment of hydrological responses to land 

cover land use change (LCLUC) in the Congo Basin, with and without climatic 

feedbacks, and resulting impacts on the Congo River’s hydropower potential. We 

simulate streamflow data using GeoSFM) under current land-cover conditions of the 

basin and under a series of LCLUC scenarios where forest is replaced with agricultural 

mosaic. Hydropower potential was estimated for the Inga hydroelectric site, currently 

the largest installation in the region and proposed for major expansion. Direct effects 

of LCLUC were via changes in key model parameters related to surface roughness and 

soil infiltration, with precipitation and ET held constant at recent fluxes. Indirect effects 

of LCLUC from climatic feedbacks were via changes in precipitation and ET over areas 

of simulated LCLUC, accounting for precipitation recycling in the Congo Basin where 

ET fluxes may contribute 25% of precipitation. Simulations of the direct effects of 

conversion of 25% to 100% of forest upstream from Inga result in decreases in low 

flows during the early-dry season of 1.5% to 10.3% and increases in peak flows in the 

late-wet season of 6.7% to 8.0%. When indirect effects were included, the largest 

decreases were in low flows during the late-dry season, from 7.9% to 10.7%, and peak 

flows in the late-wet season decrease by 5.5% to 7.1% rather than increase. This study 

indicates the significance of the impact of forest loss on the Congo Basin’s hydrological 
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system. It shows how forest cover potential conversion to a rural complex contributed 

to large declines in flow in dry season and decline or augmentation of peak flow in wet 

season depending on the scenario i.e. without or with consideration of climatic 

feedback respectively. A combination of changes in flow magnitude and reductions in 

rise and decline times of the streamflow hydrograph is projected to significantly impact 

hydropower potential, with possible disruptions during periods of low flow and 

possible flooding during those of peak flow. The estimated yearly loss of hydropower 

potential reaches ~ 6,000 MW, equivalent to the hydropower potential of Zambia or 

Angola or that of grand projects such as the Grand Ethiopian Renaissance Dam. 

5.3. Future research directions 

An expected finding of this research is the limitation posed by the shortage of 

timely contemporary ground-gauge data at fine temporal scales. While remote sensing 

based modeling provides significant insight of the mechanisms governing these 

processes, the added value of using data from very few gauge stations in the Congo 

Basin is demonstrated in this work. Whether for calibration or for evaluation of the 

statistical and hydrological models used in this study, the integration of gauge 

information allowed the generation of improved contemporary satellite-derived 

products useful for crucial decision-making and research in the water sector. More 

gauge data would certainly increase research efforts regarding the Congo Basin 

hydrology. As recommended by Nicholson et al (2019), station data availability should 

be added in at least few key areas and collaborative relationships with local 

meteorological services should be increased. The approaches used in this study could 

certainly be improved with the augmentation of rainfall gauge data, including more 
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high monthly rainfall months in particular. The limited number of high monthly input 

observations coupled with a lack of separability of these months in the statistical feature 

space appeared to be the cause of limited characterization of rainfall through the re-

calibration of TRMM products in the Congo Basin. Our results illustrated the value of 

statistical derivatives of the daily data in predicting monthly precipitation. However, 

for the regression tree model to better fit outlier rainfall and to be more sensitive to 

particularly high rainfall months, more rainfall gauges would be necessary.  

More streamflow gauges data would allow a more efficient bias correction to 

adjust model overestimation at subbasins level. The simple bias correction handled was 

a recognition of the limitations of available gauge data in executing a more robust 

regional calibration. The simple bias correction with one factor applied to all subbasins 

did not consider the possible differences across subbasins. A regionally-distributed 

calibration could be performed on subbasins to improve validity of streamflow 

simulations in rivers segments throughout the basin. The regional calibration method 

would involve disaggregating streamflow to each subbasin and independently 

readjusting model parameters to ensure generate the target streamflow. 

A better understanding of the specific mechanisms of the present streamflow 

modeling such as the river and floodplain losses is something we look forward to in the 

future. The river and floodplain losses reported in table 3.2 explained to some extent 

the difference between water balance and runoff. While the basinwide water runoff 

generated by our model was 424 mm/year (Table 3.2), the discharge at the basin outlet 

was estimated at 302 mm/year while in-stream losses including floodplains losses make 

up the balance of 122 mm/year (Table 3.2). More accurate estimation of the magnitude 
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of the losses would probably require a focused study, likely with a field campaign to 

accurately capture the extent, evaporation rates and other losses from the floodplains. 

This would also improve the allocation of these losses in the forest conversion scenarios 

analysis as suggested in the fourth chapter. 

The streamflow model was by necessity parameterized, and calibrated, with 

very few available data. Given the ecological and economic importance of the Congo 

River, and given the potential range of impacts estimated in the scenarios analysis of 

forest conversion to agricultural mosaic, we encourage a prioritization of further data 

collection required to enable further simulations. The additional rain and stream 

gauges, as well as field measurements of soil key parameters in forest and converted 

land would enable more robust models, model validation, sensitivity analyses and 

model inter-comparison. 

More precise knowledge of flow characteristics of the Congo River Basin as 

well as others in data-scarce river systems are also required for future studies, such as 

the estimation of which watersheds are most sensitive to temperature and which 

watersheds have a hydrology dominated by the amount and timing of precipitation. The 

present rainfall-based climate classification of the Congo Basin derived from TRMM, 

could serve as a stratifier for further data collection and it could serve as a basis for 

grouping rivers and streams within the basin by climate type to facilitate comparisons 

of runoff characteristics. Finally, the improved estimates of streamflow from this study 

could support other more reliable assessments of possible future scenarios, including 

those accounting for the effects of the El Niño Southern Oscillation (ENSO) and other 

climatic cycles, apart from the effects of land use change on the Congo Basin’s 
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hydrology handled in this study. Studies of the hydrological responses to climate 

change and seasonal variability could benefit from improved daily streamflow models. 

The importance of the LCLUC effect on hydrology demonstrates the need for 

coordination and support between hydropower proponents and efforts for both 

additional data collection, gauges and other in-situ studies, and model simulations. 
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