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Abstract: A method of wetland mapping and flood survey based on satellite optical 

imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) Terra 

instrument was used over the Inner Niger Delta (IND) from 2000–2013. It has allowed us 

to describe the phenomenon of inundations in the delta and to decompose the flooded areas 

in the IND into open water and mixture of water and dry land, and that aquatic vegetation 

is separated from bare soil and “dry” vegetation. An Empirical Orthogonal Function (EOF) 

analysis of the MODIS data and precipitation rates from a global gridded data set is carried 

out. Connections between flood sequence and precipitation patterns from the upstream part 

of the Niger and Bani river watersheds up to the IND are studied. We have shown that 

inter-annual variability of flood dominates over the IND and we have estimated that the 

surface extent of open water varies by a factor of four between dry and wet years. We 

finally observed an increase in vegetation over the 14 years of study and a slight decrease 

of open water. 
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1. Introduction 

Satellite imagery is a classic tool used to monitor water extent over large areas of the Earth’s 

surface for long periods of time [1]. The current number and variety of space-borne instruments 

available to observe continental water content is very wide. The choice to use one sensor rather than 

another is generally driven by the type of targets and objectives of the study. 

OPEN ACCESS



Remote Sens. 2015, 7 2128 

 

A flood occurs when a large and usually dry area is covered temporarily by a certain amount of 

water. It can also happen when a large amount of water flows into a channel that is not large enough to 

carry it; the excess water consequently spills over into the surrounding areas. In a flood, the lateral 

water spread dominates the vertical rising, until equilibrium is reached where underground recharge 

and evaporation compensate the surface water inflow in the floodplain. Floods may be caused by 

overspill from river channels, high local precipitation or both phenomena acting together. In the first 

scenario, a significant time gap may occur between the start of the upstream rainfall and the time of 

maximum inundation in the floodplain. 

For example, Zwarts et al. [2] have shown that local rainfall is very limited and that water extent 

over the IND is driven by surface river flow variability in the upstream area of the delta. 

The main purpose of this study is to provide a space-based tool for monitoring floods over the IND 

and to interpret their pluri-annual variability using global precipitation data. 

In Section 2, we give an overview of flooding in the IND. In Section 3, we describe remote sensing 

and precipitation datasets and their processing. In Section 4, we present results for the phenomenology 

inter-annual water changes, aquatic vegetation and vegetation extent in IND and general rainfall 

patterns over upstream areas of the Niger and Bani rivers. In Section 5, we analyze the link between 

rainfall and inundation over the IND. Perspectives and conclusions are drawn in the last section. 

2. Floods over the IND 

The IND is a vast floodplain of 73,000 km2 located in the arid (north part of the delta: 15,000 km2) 

and semi-arid (south part of the delta: 58,000 km2) Sahelian zone (Figure 1). It is composed of large 

numbers of swamps, river channels, permanent lakes and non-permanent flooded areas. The IND is 

seasonally inundated (from September to November) due to rainfall over the Niger and Bani Rivers’ 

upstream areas (From June to September). This produces (when cumulated) an average annual 

discharge at the delta’s entries of 1490 m3 s−1 (period 1955–1996), which represents 47 km3.yr−1 [3]. 

Inundations in the southern part are characterized by a regular and rapid flow of water while in the 

northern part the water stays longer [3]. The evaporation rate over the IND varies both spatially and 

temporally: it is higher in the northern part (700 mm/year on average) than in the southern part  

(140 mm/year on average), and depending on the year can vary from 400 to 1300 mm/year [3]. 

Inundations over the IND are marked by very high inter-annual and long-term variability, which is 

linked to the amount of rainfall in the upstream rivers’ watersheds. Li et al. [4] highlighted large  

inter-decadal variations of rainfall over the last 50 years, with the wettest decade (1950–1960) and the 

driest (1970–1980) being due to climate variability over the Atlantic Ocean. Based on a hydrological 

water balance model, Mahé et al. [3] calculated that the flooded extent over the IND varied from dry to 

wet years by a factor of 5; from 40,000 km2 in 1955 to 9000 km2 in 1984. 

Since the IND is a wetland located in an arid region, it serves as a crucial source for the economic 

activity in the region. Several million inhabitants are strongly dependent on water resources for 

agriculture, fishing, and pastoralism. Consequently, inter-annual inundation variability plays a major 

role in water management over the IND and severely impacts land use. Thus, the economic and 

ecological health of the region can be considered vulnerable to and dependent on these inter-annual 
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inundation cycles. For example, Liersh et al. [5] have shown that a mix of upstream reservoir 

management and climate warming will provoke a decrease of inflow to the delta in the coming decades. 

 

Figure 1. Map of the Niger River watershed (yellow) and Inner Niger Delta (IND) (zoom). 

Black lines represent country borders. 

In another recent study, it has been simulated from Global Climate Models (GCMs) that rainfall 

over the Bani River catchment area will likely decrease until the end of the 21st century by about  

15% to 17%. Consequently, there will be a large reduction in river discharge into the IND [6]. Moreover, 

inundations in the IND influence local rainfall through vertical energy flux and water vapor from the 

land to the atmosphere [7]. They observed a resurgence of daytime cloud cover during inundations. 

This was in response to evaporation over the IND, which in turn increased the likeliness of storms in 

the mid-afternoon, mainly on the western border of the IND. 

As a consequence of rainfall variability over West Africa, land surface occupation (water, vegetation, 

aquatic vegetation, and bare soil) is also changing from year to year resulting in very complex patterns 

that are influenced by the topography of river channels in the delta, presence of vegetation, and the 

total amount of water filling the IND. During periods of flood, the IND land is also subject to 

noticeable vegetation growth. 

In this context, reliable spatio-temporal information about the extent of water and vegetation over 

the IND is useful in understanding the links with climate variability. In the past, in situ gauges 

measuring river discharge were installed principally at the entries and mouth of the delta [3]. 

Unfortunately, our ability to measure and forecast the total fresh water input in the IND each year  

is quite impossible because of: (1) economic and infrastructural problems generally affecting  

non-industrialized nations; (2) water flow physics across vast lowlands that are not permanently inundated; 

and (3) the fact that measuring water extent variations over such a large area is practically impossible 

from in situ measurements. 

Space-based methods can be an answer to these difficulties in studying water extent over wetlands 

and floodplains. 
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Moreover, over the IND the seasonal inundations act as a source of significant evaporative losses, 

which have to be taken into account for regional water cycle modeling. For example, Dadson et al. [8] 

showed that flooded areas over the IND are doubling total losses from land surface over the region, 

that seasonal and inter-annual inundations control the evaporation rate, and also that it improves 

predictions of land-atmosphere energy and water vapor fluxes. Finally, knowledge of flooding 

dynamics in large floodplains within a river basin may also improve global climate simulations [9] and 

constrain hydrodynamical model parameters [1]. 

3. Data Sets and Methodologies 

3.1. Datasets 

3.1.1. Preamble 

To characterize the process of inundations and their dynamics across floodplains, it is essential to 

measure some key variables related to water extent over the IND and regional patterns of rainfall 

upstream of the delta. 

We will show the results obtained for water extent over the IND, and for the spatial and temporal 

variability of precipitation determined from global gridded data over the upstream watershed of the 

Niger and the Bani rivers and over the floodplains. As mentioned above, we expect to correlate the 

inter-annual variability of floods over the IND to surface discharges from upstream rivers (that are 

directly linked to rainfalls [2]. 

Water extent and precipitation rates over the upstream rivers and the IND have been mapped and 

we have produced a time series of the variables from 2000 to 2013. For water mapping, we use the 

MODIS instrument (Section 3.2) and for precipitation mapping, we use a global gridded dataset: 

TRMM 3B43 version 7 products (Section 3.3). 

3.1.2. MODIS 

The MODIS instrument is a multispectral imaging system installed onboard the Terra (launched in 

December 1999) and Aqua (launched in May 2002) satellites. MODIS provides Earth surface 

reflectance on thirty-six narrow bands of frequency; seven among them are from the visible to Mid 

Infrared part of the spectrum with a spatial resolution of 250 (two first bands) and 500 m (all bands): 

 Band 1: 620–670 nm. 

 Band 2: 841–876 nm. 

 Band 3: 459–479 nm. 

 Band 4: 545–565 nm. 

 Band 5: 1230–1250 nm. 

 Band 6: 1628–1652 nm. 

 Band 7: 2107–2155 nm. 

A limitation of optical remote sensing data for flood monitoring is cloud cover. This is accentuated 

in tropical countries. In such situations, MODIS images cannot measure the ground surface radiance 

and consequently cannot provide continuous information on the water extent during a flood. However, 
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the IND region is located at the boundary between the Sahara Desert and western tropical Africa and is 

not affected by cloud cover, except during the summer months of June to August. Moreover major 

floods over the IND occur at the end or after the rainy season, which reduces this problem. 

The orbits of Terra and Aqua were designed to allow satellites to cross the equator at local time 

10:30 AM and 1:30 PM respectively. Considering that cloud formation linked to flooding over  

the IND is highest during the afternoons [7], we chose to collect and analyze the mosaic of 

MODIS/Terra instrument on an 8-day time basis. The 8-day composite is a compilation in one image 

of the best signal observed for each pixel over the following 8-day period, which reduces errors due to 

cloud, aerosols and viewing angle. It limits the risk of having long periods without valid images. For a 

detailed description of MODIS algorithms and products, see [10]. Flood mapping is thus enabled 

thanks to this compositing approach that provides enough days of clear sky even during the rainy 

period. We observe less than 5% of noisy images due to cloud presence during this period. Moreover, 

the Terra Instrument allows calculation of the water extent over a longer period. 

3.1.3. Rainfall Data 

Many different datasets of precipitation at a global scale exist and we have chosen to use the most 

recent version (7) of the Tropical Rainfall Measuring Mission (TRMM) 3B43 dataset. TRMM is the 

National Aeronautics and Space Administration (NASA) mission launched in November 1997 and has 

on-board precipitation radar developed by the Japanese Aerospace Exploration Agency (JAXA). It was 

designed to measure the intensity and distribution of the rain, and map storm structures. Here we use 

data from the 3B43 algorithm because it merges satellite and in situ data, TRMM 3 hourly data,  

and the monthly in situ data of thousands of rain gauges around the world compiled by the Global 

Precipitation Climatology Centre (GPCC). 

The spatial resolution of these products is 0.25° × 0.25°. It was produced over a calendar month-time 

resolution. The data was averaged over the IND (156 pixels from the TRMM datasets) on a monthly 

basis, and limited to the period 2000–2013 to correspond in time with MODIS data used in this study. 

An average climatology of precipitation was calculated every month (Each map represents the mean 

precipitation of the given month based on precipitation from the whole period data set). Monthly maps 

of anomalies are also produced: anomalies are calculated by the difference between monthly and 

average precipitation for each month over the whole period. The maps allow detection of geographical 

patterns for precipitation over the region of interest (ROI) and its inter-annual variability. It is then 

used to determine if the gradient of precipitation between the Niger and Bani rivers can explain the 

flood dynamics measured by MODIS. EOFs over the IND and upstream Niger and Bani rivers were 

also calculated to be compared to a similar analysis of MODIS images. It allows the separation of 

spatio-temporal modes of variability of rainfall (Section 3.2). 

To summarize, we have produced: 

 Maps of monthly average climatology, and monthly and yearly anomalies. 

 Time series for total precipitation over both rivers on the upstream part of the IND including the IND. 

 EOF spatio-temporal modes for 14 years of data over the ROI. 

A comparison of the results obtained using MODIS and precipitation data sets was also performed. 
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3.2. Methodology to Detect Water over the IND with MODIS and Validation 

A method of land surface classification for hydrology has been developed using a combination of 

three of the seven MODIS bands and is acquired from MOD09A1 (MODIS/Terra Surface Reflectance 

8-Day L3 Global 500 m SIN Grid V005), Version 5 product [11]. This method was applied to many 

different regions over the Earth and published in several works: the Aral Sea [12], The Andean 

Altiplano ([13,14]), Lake Tchad [11] , The IND ([15,16]), and the Ganga basin [17]. Other methods 

using MODIS images were published for similar studies [18–23]. 

Several other remote sensing instruments had already been used in the literature for flood  

mapping ([1,24–31]). Some of them have much higher spatial resolution (Landsat imagery, ASAR on 

Envisat, Radarsat instrument) but none has a combination of the following advantages for flood 

monitoring: a continuity of homogeneous data over a long period of time, a global coverage of the 

Earth over a short recurrent period (daily/weekly), and a free service. 

Shallow depths and a high suspended sediment concentration, such as those observed along the IND 

considerably increase the amount of solar energy reflected by a body of water ([32–34]) have shown 

that strong water absorption at wavelength >1 μm in MODIS bands (5–7) does not allow illumination 

of sediments in the water or at the shallow bottom of a water column. Consequently, in order to avoid 

the problem of suspended particles, the most appropriate band to detect open water during a flood 

event is number 5 in Mid Infra-Red (MIR: 1230–1250 nm). A threshold value for reflectance in the IR 

band of MODIS should be attributed to discriminate water pixel from “no” water pixel. 

In this paper, a simple combination of a threshold technique was performed on the MODIS Band 5 

and Normalized Difference Vegetation Index (NDVI) to delineate the shallow, sediment laden, open 

waters of the IND flood plain. It was also used to discriminate between the mixture of water and dry 

land, aquatic vegetation and vegetation on dry land. It has been assumed that a small value of surface 

reflectance in band 5 allows characterizing open water. For MOD09GHK normalized products used in 

this study, the value of 1200 (a reflectance of 0.12 scale by a factor of 10,000 for distribution as integer) 

has been chosen as a cut-off value under which a pixel is supposed to be fully inundated. 

When surface reflectance in band 5 increases to the threshold value of 2700, a test is made on NDVI 

to discriminate the pixel covered by a mixture of water, dry land and aquatic vegetation. NDVI is a 

robust index for monitoring temporal changes of vegetation photosynthetic activity ([35,36]). In the arid 

environment of our study area, a high level of vegetation photosynthetic activity can only be sustained by 

the presence of surface water or groundwater discharge. A threshold technique is used to select high 

NDVI values and to detect areas of high photosynthetic activity from aquatic vegetation and 

hydrophilic plants. NDVI ranges from negative values (generally considered as open water [37]) to 

>0.4 for dense vegetation. 

To detect the presence of vegetation on dry land, NDVI is tested. For high reflectance in band 5 

(superior to 2700): if the NDVI index is superior to 0.4, the pixel is considered to be covered with 

vegetation and if it is below 0.4 then the pixel is classified as dry land [11]. 

To validate this approach and to define the threshold values of NDVI and reflectance in band 5,  

a ground calibration was performed over the Diamantina floodplain in Central Australia in 2006.  

It was determined through aerial photography, laser and radar altimetry, and field measurements of 

different surface types taken from GPS measurements. The transition zones between different types of 
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surfaces were precisely delineated and compared to the reflectance on the MODIS data which allowed 

fixing the threshold values given in Table 1 that then have been validated on other regions. 

Table 1. Threshold value used for qualification of ground type is applied to monitor a 

flood event on the flood plain. Units are reflectance scaled by 10,000 as delivered in the 

MOD09GHK product (validation of this method is given in Section 3.2.3). 

Index Open Water Mix Water/Dry Land Aquatic Vegetation Vegetation  Dry Land 

Band 5 <1200 >1200 & <2700 >1200 & <2700 >2700 >2700 

NDVI No Test <0.4 >0.4 >0.4 <0.4 

MODIS images are given in HDF format. They are georeferenced and processed over the ROI 

centered on the IND area. The 8-day mosaic images were acquired over the period February  

2000–December 2013 and processed with the algorithm described above. Three main products were 

obtained from this data processing: 

 A synthetic map of ROI with classification obtained from MODIS images every 8 days. 

 A map representing the average flood duration (in days) over the whole ROI, annual maps of 

flood duration anomalies with respect to average duration, and the Empirical Orthogonal 

Functions (EOFs, see Section 4.3) providing the spatio-temporal modes for each of the classes 

over the whole ROI. 

 Evolution in time of the surface area of each class over the whole ROI. 

The surface time series for each class was correlated with the precipitation rate over the Niger and 

Bani river basins upstream of the IND. 

Validation was performed over the Aral Sea in Central Asia using previous results obtained  

in [38,39]. Variations in height, surface and volume of the Aral Sea were calculated for 1992 to 2005, 

with a combination of altimetry data from Topex/Poseidon and Jason satellites, and a digitized 

bathymetry map of the lake’s basin. We extended this calculation until 2007 for this study. Using a 

selection of 55 MODIS images over the period from 2000 to 2007, we calculated the surface variations 

of Small and Large Aral and compared with the results obtained by altimetry and bathymetry. The results 

are shown in Figure 2. The agreement between both methods of surface variation calculations is marked 

with a correlation coefficient of 0.996 and RMS differences of detected water extents less than 2%. 

 

Figure 2. Scatter plot of classification of open water extent from Moderate Resolution 

Imaging Spectroradiometer and from a combination of satellite altimetry and digitized 

bathymetry of Aral Sea. 



Remote Sens. 2015, 7 2134 

 

The method was also validated over Lake Poopo in Bolivia. MODIS products were compared to 

Landsat imagery and resulted in a correlation of 0.97 [14]. They were used to study links between 

Lake Poopo and Lake Titicaca [13]. 

We compared our classification of the IND with results published in [40] for water and vegetation 

classifications. This was done by visual analysis of maps of inundated surfaces reproduced in [40] for 

3 different dates and they showed good agreement qualitatively, but we did not assess this 

quantitatively. Images processed with our method were also used to validate the flood propagation 

model along the Niger River in [16]. Using our MODIS classification, Pedinotti et al. [16] observed 

improved comparison of their model outputs with downstream in situ discharges. 

Furthermore, the MODIS data analysis done in this study allows downscaling low-resolution data 

as proposed in [17]. They used the MODIS classification presented here for water over the IND in 

synergy with the GIEMS database [17]. It provided water extent for the whole Earth on a monthly 

basis from 1993 to 2007 at a spatial resolution of 25 km. 

Comparison of rainfall datasets to MODIS data products over the IND have been performed using 

the EOFs. The EOF analysis decomposes the spatio-temporal data in orthogonal modes of decreasing 

variance, expressed by spatial patterns and associated variations in time (also called principal component 

analysis (PCA)). In this method, we calculate the eigenvalues and eigenvectors of the covariance 

matrix of the data. We first calculated the 14-year average of MODIS data for each class and then 

subtracted it from the yearly average from 2000 to 2013. This allowed emphasis on inter-annual 

variability of the different modes. The theory of this method is fully described in [41,42] and the 

algorithm used in [43]. 

4. Results and Interpretation 

4.1. Land Surface Classification over the IND 

Processing MODIS images has allowed the classification of Earth’s surface using the method 

described in Section 3.2.2 and also the monitoring of time variations for different surface types, from 

open water to vegetation on dry land. The maps are used principally as indicators to monitor floods 

over the IND. They will allow the examination of the flood process over the IND as a first step 

(Section 4.1.1) and second, to detect specific geographical patterns of very wet years compared to dry 

years using the multi-year analysis of MODIS data (Section 4.1.2). Phenomenology and inter-annual 

variability of vegetation and aquatic vegetation dynamics is also examined. 

4.1.1. Mean Annual Flooding over the IND 

For the period of our study and using the eight-day mosaic images, we classified the land over the 

ROI (Section 3.2). This is shown in Figure 3a,b and represents one full year (2003) using one selected 

image per month with the classification deduced from MODIS data. This figure illustrates the 

sequence of inundation over the IND. The first month selected in the set of images is June, just at the 

beginning of the rainy season, and the last is May of the following year. 
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Figure 3. Moderate Resolution Imaging Spectroradiometer classification of the Inner 

Niger Delta (IND) with one image per month in 2003–2004 being selected for illustration 

of the inundation phenomenon over the Inner Niger Delta (IND) (a) from June to 

November 2003, (b) from December 2003 to May 2004. 

In June, permanent lakes located in northern IND areas start to grow, with July marking the apparition 

of vegetation in the southern IND and on the delta itself. Vegetation grows regularly and the whole 

region is covered by the end of August. At the same time, free water is still limited to small areas like 

permanent lakes, the main parts of rivers, and some areas of the IND southwest of Lake Debo that are 

also covered with aquatic vegetation (Figure 3a,b). The end of August or beginning of September is 

marked by flow increase over the IND, which continues for around six weeks and reaches its peak by 

mid-October. Meanwhile, surrounding regions of the IND lose their vegetation cover. From November 
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to January, water over the IND evaporates and remaining vegetation located over the delta simply dries 

out. We observe that surfaces are first covered with aquatic vegetation, and only then followed by 

vegetation. In January, the IND is almost completely dried up except for some very small areas near 

Lake Debo where it remains wet until June. 

This inundation sequence is also illustrated in Figure 4. It represents (over the 14 years of this study) 

an average surface extent of different classes detected by MODIS over the ROI. In order to be comparable, 

these average surfaces were normalized. This figure shows that the peak of vegetation occurs at the 

beginning of September, whereas the peak for open water, mixture of water and dry land and aquatic 

vegetation appears one and a half months later. 

 

Figure 4. Normalized total extent of each of the classes over the Inner Niger Delta (IND) 

during a hydrological year (starting in June, finishing in May). All years have been 

averaged over each time portion of eight days. 

Aquatic vegetation and open water are also in phase, which signifies that when the main flood 

occurs a small part of the IND is already covered by water or by aquatic vegetation (probably due to 

local rainfall). The peak of open water is also significantly narrower than that of aquatic vegetation. 

Mixture of water and dry land most likely indicates that: 

 The inundated surface is shallow. 

 The vertical topography slope of the IND is small. 

 Downstream water flow is probably slower due to the presence of vegetation. 
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From January to May, the IND and surrounding regions dry out. Surface water evaporates completely 

except for some permanent small lakes such as Lake Debo in the northern part of the IND. Vegetation 

fully disappears from the region, most notably in the Delta. 

The average duration of time over the period 2001–2013 of each class is also given in Figure 5a–d 

(2000 is excluded because the first images were collected in mid February 2000). 

(a) (b) 

(c) (d) 

Figure 5. Average duration (in percentage per year) of (a) open water; (b) mixture of 

water and dry land; (c) aquatic vegetation; and (d) vegetation calculated from 2001 to 2013 

(2000 has not been taken into account because the first MODIS data was collected in 

February of this year). 

Figure 5a shows that flow duration in the southern part of the delta is rather short (less than a 

month) and very heterogeneously distributed. The “NW belt” of long duration (more than two months) 

is highlighted in dark blue. Due to the images’ spatial resolution both the Niger and Bani rivers do not 

appear as permanently covered with water. These can be better viewed in Figure 5b, which shows  

the duration of mixed water (pixel covered both with water and dry land). This is confirmation that the 

southern part of the delta is a zone of rapid water flow and that the northern part behaves as a pool 
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where water stays longer [3]. A much larger surface is covered with aquatic vegetation and mixture of 

water and dry land for periods exceeding one month (Figure 5b,c). Over the IND aquatic vegetation 

duration is also noticeably longer on the left bank of the Niger River than on its right bank where the 

Bani River is located. Along the NW belt mentioned above, aquatic vegetation duration often exceeds 

three months (Figure 5c). Dry vegetation (Figure 5d) is present almost everywhere over the IND for 

long period of time (more than three months) and up to three to four months on the delta’s west bank. 

4.1.2. Inter-Annual Variability of Floods over the IND 

Satellite images may be used to classify the land surface in time. In the case of the IND it will allow 

monitoring the inter-annual dynamics of different classes, and their correlation with climatic condition 

changes over IND and Niger and Bani river watersheds. 

High variability of inundated surfaces from one year to another is well illustrated in Figure 6, which 

shows a two year period (2001: high inundation year and 2002: low inundation year) when MODIS 

images were taken at the date of maximum extent of flood. The inundation patterns observed over 

these two ‘extreme’ years show a very high spatial variability of inter-annual flooding. This is also 

illustrated in Figure 7: between the wettest year (2001) and the driest one (2011) where the maximum 

extent of open water class varies by a factor of four. This is less pronounced for the three other classes 

with a factor of 2 to 2.5 calculated between wet and dry years. Another visualization of inter-annual 

variability of floods is given in Figure 8a,b. They show the anomaly of duration in each class for the 

wet (2001) and dry (2002) years with respect to the average year. They illustrate that not only surface 

extent varies significantly from the wet to dry years, but also the total duration of open water, mixture 

of water and dry land, aquatic vegetation, and vegetation. This is particularly marked for aquatic vegetation 

and vegetation. Indeed, for open water duration anomalies (Figure 8a), we observe up to 60 days of 

duration differences, principally concentrated on the NW belt. For aquatic vegetation and vegetation, 

we see that on almost the entire delta the differences are about 60 days between 2001 and 2002 (Figure 8b). 

It is also noteworthy that we observe the exact opposite behavior with the inter-annual variability of 

the maximum surface extent for each of the classes. The differences between wet and dry years are 

more pronounced for the open water class than for the three others. This indicates that for open water 

the time of residency is less sensitive to the inundation magnitude. 

 

Figure 6. Map of Moderate Resolution Imaging Spectroradiometer classification for the 

day of maximum inundation for 2001 (high inundation) and 2002 (low inundation). 
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Figure 7. Time series of surface extent of open water class calculated from MODIS data. 

 

Figure 8. Yearly anomalies of duration (in day) of presence of (a) open water and (b) mixture 

of water and dry land; (c) aquatic vegetation; and (d) vegetation for 2001 and 2002. 
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Finally, another specific geographical pattern of inter-annual flooding appears in the year 2007. 

2007 is one of the four high flood years (the three others being 2000, 2001 and 2003 (Figure 7)). 

However, the principle origin of the 2007 high flood is the Bani River to the south, which is not the 

case for the other years. Indeed the anomaly of water duration along the Niger River particularly at the 

entrance of the delta is very close to zero in 2007 (Figure 9). This can be contrasted with 2008 (another 

high flood year) in which the Bani River does not seem to supply excess water to the delta, while the 

Niger ‘entrance’ to the delta remains flooded much longer (about 30 days) than in an average year. 

This may also explain why the NW belt presents a deficit in the number of flooded days in 2007, given 

that 2007 is among the most flooded years. This reveals that flooding in the IND is a combination of 

high water in both the Bani and Niger rivers, but with changes in their roles from one year to another 

one. This is a factor of complexity for understanding flood processes in the IND. 

 

Figure 9. Yearly anomalies of duration (in day) of presence of open water for (a) 2007 and (b) 2008. 

4.2. Rainfall 

4.2.1. Seasonal Rainfall over West Africa 

Precipitation over this region is the main contributor to inundations over the IND [2]. The exact 

correlation between the amount of precipitation and its geographical patterns with spatio-temporal 

variability of the water extent over the IND is the main issue explored in this study. 

Figure 10 shows mean annual rainfall over West Africa in the vicinity of the IND from TRMM 

3B43 data. This map highlights the latitudinal pattern of annual precipitation with a strong gradient 

from south to north of the region. In the south, where the two rivers take their source, the annual 

rainfall is about 1200–1500 mm, while the north, where the IND is located, is a semi-arid region with 

less than 300 mm/yr of rainfall. 

Using the precipitation data sets, we then calculated a so-called-seasonal “climatology”: a monthly 

map of average rainfall deduced from the full period of observation (Figure 11). Firstly, the period 

from November to April marks the dry season with zero precipitation over both rivers. Over the IND, 

the dry season continues until June with very low rainfall: less than a few dozen mm in May. In May, 

more significant rainfall occurs over the source of the Niger and Bani rivers. But the start of the wet 

season in June is when strong precipitation over the Atlantic coast of West Africa moves northeastward. 

Meanwhile, it starts to rain over the IND itself, with increasing precipitation in July and August.  
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In August, precipitation is at its maximum over the entire region. It then starts to decrease from the 

IND to the southwest until November when it is totally dry everywhere (Figure 11). 

 

Figure 10. Map of mean annual precipitation over the Inner Niger Delta (IND) and 

upstream basins of Niger and Bani rivers, taken from Tropical Rainfall Measuring Mission 

(TRMM) 3B43 data from 2000 to 2013. 

 

Figure 11. Maps on monthly average precipitation from Tropical Rainfall Measuring 

Mission (TRMM) 3B43. 
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(a) 

 
(b) 

Figure 12. (a) Annual normalized precipitation over the Region Of Interest (ROI) from 

Tropical Rainfall Measuring Mission 3B43 compared to annual normalized coverage area 

of vegetation over the Inner Niger Delta (IND) measured by Moderate Resolution Imaging 

Spectroradiometer; (b) annual rainfall anomalies with respect to the global mean. 

4.2.2. Rainfall Inter-Annual Variability 

As seen above, the inundation over the IND has strong inter-annual variability. Precipitation over 

this region also presents significant inter-annual fluctuations from a dry year with around 800 mm/yr 
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to 1100 mm/yr on average for a wet year. From the precipitation data, four years appear as wet years: 

2003, 2008, 2010 and 2012 (Figure 12a). Figure 12b shows for each year, from 2001 to 2012,  

the variations in space of yearly precipitation anomalies (difference of yearly precipitation to global 

average) from dry to wet years. First, we can see a high spatial heterogeneity of rainfall anomaly 

distribution from year to year. The year 2003 is very interesting as it can be seen that precipitation data 

present positive anomalies, but with high spatial heterogeneity. In contrast, years 2010 and 2012 have 

a very strong positive anomaly near the IND and the upstream part of the Niger and Bani rivers. The 

year 2008 presents a dipole of a positive anomaly in the west (where the Niger River is located) and a 

negative one in the east (where the Bani River is located). The year 2002 is a very dry year for the 

whole area of study. 

4.3. Links between Rainfall and Floods over the IND 

It is already well known that inundations over the IND are linked to precipitation upstream of the delta. 

If we analyze the annual precipitation anomaly patterns and compare it to flood patterns over the IND, 

some additional and more detailed conclusions can be drawn. 

From MODIS data we also calculated the total surface using the three classes that include water: 

open water, mixture of water and dry land, and aquatic vegetation. The time series is given in  

Figure 13 where the total inundated surface calculated every eight days is compared to monthly 

rainfall. The data was normalized in order to make a comparison. The first conclusion to be drawn 

from this figure concerns the time shift between maximum rainfall over the Niger and Bani river 

basins and the maximum flood over the IND. We found one and a half months with a standard 

deviation of eight days. It tends to confirm that inundations are due to rainfall in the upstream river 

areas located a few hundred kilometers away from the IND. If we calculate the correlation between 

annual rainfall and maximum inundation over the IND, we obtain 0.65. No decadal trend was observed 

from this analysis showing that for inundations (total of the three “water” classes), the inter-annual 

variability dominates the long-term trend. 

In Section 4.1.2 it can be seen that in 2007 the Bani River was possibly the main contributor to the 

inundation (Figure 9). This is well confirmed by analysis of the precipitation spatio-temporal variability. In 

Figure 10b, it is clear that positive anomalies of rainfall in 2007 were localized over the Bani River, while 

the Niger River globally presents a negative anomaly. Therefore, there is an explanation of why an 

inundation higher than normal was observed in 2007, although this year was not considered as one of the 

wettest years of the study period. From Figure 13 we also see that 2002, 2004, 2005 and 2011 are the four 

driest years in terms of inundation. Annual rainfall anomalies (Figure 12a,b) also show that these years 

were characterized by a large rainfall deficit over the Niger and Bani rivers upstream of the delta. 

If the precipitation data is now compared with vegetation cover over the IND, we see an increase in 

vegetation of 21% over the 14-year study while only a slight 6% total precipitation increase is apparent 

(Figure 12a). Monthly rainfall is also compared with the eight-day vegetation class from MODIS  

(Figure 13). It shows that maximum rainfall corresponds exactly to maximum vegetation cover over the 

IND. But the apparition of vegetation is shifted each year by more than three months after the first 

rainfall in March and April. This is easily explained by Figure 11 which shows that if rainfall appears 

earlier in the year over the upstream river basins, it will start only in June or July over the IND. 
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Figure 13. Time series of monthly precipitation over the Region Of Interest (ROI) 

compared to inundated surfaces over the Inner Niger Delta (IND) including open water, 

mixture of water and dry land and aquatic vegetation, and to vegetation total extent. All 

data has been normalized for the comparison. 

To complete the comparison between rainfall and inundation over the IND, we performed an EOF 

analysis over the different datasets. 

Figure 14a–d shows the first mode of spatio-temporal variations for the water, mixture of water and 

dry land, aquatic vegetation and vegetation. The EOF was applied from 2001 to 2013, excluding year 

2000 as the first processed MODIS images date back to February 2000. For each of the four classes, 

the first mode represents 30%–40% of signal variance. Its temporal variation is well correlated with  

the time series of surface extent for each of these classes. For example, for open water it is directly 

recognized from mode 1 that the years 2002, 2004, 2005, 2006 and 2011 are considered as globally dry, 

as was already observed in Figure 13. In order to recompose the total signal we must add the factor of 

the spatial and temporal modes of the whole decomposition. Here positive values of temporal mode 

correspond to dry year as the spatial mode is negative over the entire ROI. It can also be seen that for 

the three first classes, temporal variations are very similar with only slight differences, which enhances 

the assumption that rainfall inter-annual variability is the main driver for these classes. For vegetation 

(Figure 14d), a global increase over the study period is observed (with the main signal in the west 

outside of the delta), which is also confirmed by direct calculation of annual vegetation cover (Figure 12a). 

It is noteworthy that spatial mode 1 of open water classes clearly exhibits the presence of the alleged 
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NW belt (Section 4.1 Figure 5a). There is a globally distributed increase in aquatic vegetation over  

the IND, and that for all classes, the dry year of 2011 is well explained by the first mode of variations. 

 

 

Figure 14. Moderate Resolution Imaging Spectroradiometer Empirical Orthogonal 

Functions (EOF) mode 1 for (a) open water; (b) mixture of water and dry land; (c) aquatic 

vegetation and (d) vegetation over the Region Of Interest (ROI) (black line’s polygon). Units 

of Empirical Orthogonal Functions time series are normalized. 
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The same computation was made with the rainfall data. EOFs for the first three modes (explaining 

approximately 65% of the signal variance) are given in Figure 15a–c. Mode 1 is exclusively representative 

of rainfall over the upstream part of the Niger River (south west of the watershed: red zone in Figure 15a), 

while mode 2 exhibits a dipole between the delta area and upstream of the Niger River (Figure 15b). 

Mode 3 (still explaining 7% of the variance for total rainfall) presents specific spatial patterns with 

mainly two small regions participating in the signal: the far upstream of the Niger River and the west 

part of the delta (blue zones in Figure 15c). A large signal on mode 3 is also present in the south  

(red zones in Figure 15c) but is located outside the watershed of the two rivers. 

Mode 1 explains some of the inter-annual inundation variability observed over the IND. We see that 

the two years of high inundation (2003 and 2008) are quite fully explained by this first mode (Figure 15a). 

The high peak on mode 2 observed in 2010 with spatial signal closer to the IND (Figure 15b) explains 

why this was a highly inundated year. In 2012, the conjunction of high precipitation in the entire basin 

(mode 1 and 2 spatial distribution complete each other for this year) explains the inundation. In 2001, 

mode 3 seems responsible for the observed excess of open water over the IND. For this year again,  

it seems that precipitation excess is localized far upstream of the Niger and close to the delta in the 

west (map of spatial mode 3: Figure 15c). Mode 3 also contributes slightly to the 2008 inundation,  

in addition to mode 1. The dry years of 2002, 2004, 2005 and 2011 are well explained by mode 1, with 

a deficit of water over the upstream Niger (Figure 15a). In 2002, the drought is amplified by mode 2, 

which indicates a general deficit of rainfall (as also seen in Figure 12b). For 2004, amplification comes 

from the western part of the delta (Figure 15c). 

 

Figure 15. Three first Empirical Orthogonal Functions (EOF) modes (a–c) of precipitation 

over the Region of Interest, calculated with Tropical Rainfall Measuring Mission (TRMM) 

3B43 data. 

Figure 15a,b also highlights that mode 1 is dominated by inter-annual variability with a slight 

additional decreasing trend over the study period while mode 2 shows increasing rainfall near the IND. 

This may explain why inundation over the IND is marked by a trend and why the direct increase in 
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precipitation near the delta may be a cause of vegetation growth in this area. If temporal variability of 

mode 2 of the rainfall and mode 1 of the vegetation cover are compared over the IND, the correlation 

is 0.73. Strong vegetation growth was also observed near the western delta (Figure 14d), which is also 

in good agreement with observations by [7]. It could be a combination of modes 2 and 3, which exhibit 

rainfall anomalies over this region. 

Figure 16 shows the third mode of the open water class over the IND representing 11% of signal 

variance, and we can observe a dipole between the part of the delta fed by the Niger River and the part 

of the delta fed by the Bani River. This indicates a slight decrease of several days per year in inundation 

in the west part of the IND and an increase in the eastern part. The decrease in precipitation over  

the Niger River observed by mode 1 of rainfall (Figure 15a without any signal over the Bani River) 

and combined with an increase in precipitation over the Bani (which can be observed from mode 2 of 

rainfall (Figure 15b)) may explain this dichotomy between western and eastern parts of the delta.  

The spatial repartition of the signal from mode 2 also includes a part of the Niger River but in the 

region near the delta. This region has lower rainfall than over the upstream area and therefore does not 

compensate the general decrease, as observed by mode 1 in the upstream part of Niger River. 

 

Figure 16. Empirical Orthogonal Functions (EOF) modes of Moderate Resolution Imaging 

Spectroradiometer open water class over the Region Of Interest (ROI). 

The EOF analysis therefore allows a more detailed description of the geographical patterns of 

inundations over the delta and the dichotomy of both rivers contributing to the delta. 
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5. Conclusions 

In this study, we applied a methodology based on MODIS imagery analysis to detect water and 

vegetation over the Inner Niger Delta floodplains. Understanding inundation sequences and processes 

for regions such as the Inner Niger Delta are crucial for economic purposes as land use is affected. 

Precise yearly flood monitoring is crucial for pastoral agriculture, particularly in the frame of inter-annual 

climate fluctuations. 

We have shown that MODIS images are suitable to achieve global coverage and continuous 

monitoring of floodplain inundations like that of the Inner Niger Delta and it has allowed us to 

describe the phenomenon of inundations in the delta in terms of water and vegetation extents. We have 

demonstrated that inter-annual variability of flood patterns dominates the IND. Another interesting 

result of this study, deduced from Empirical Orthogonal Functions analysis of MODIS and TRMM 

3B43 data, is the characterization of the respective roles of the Niger and Bani rivers in the flooding 

process over the IND. We have determined the link between spatial patterns of water (including open 

water, mixture of water and dry land, and aquatic vegetation) and vegetation with rainfall on the 

upstream part of the two rivers and over the IND. We observed a factor of four on the total open water 

extent between dry and wet years and estimated the time residency of different types of surface over 

the Inner Niger Delta presenting high inter-annual anomalies. Moreover, a general increase in vegetation 

over the study period (2000–2013) and a slight decrease of open water has been revealed. For inundated 

areas the inter-annual variability is predominant. 

In addition to in situ observations and hydrological modeling (global/regional climate and 

hydrodynamical models), space observations may significantly help improve our understanding of 

hydrological processes in floodplains and their interaction with climate variability. Assimilation of 

remote sensing data in a model of an ungauged basin is a recurrent issue, especially in a complex 

geographical system like the Inner Niger Delta, which is a mix of small rivers, channels, swamps  

and lakes [44]. 
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