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Abstract

Wetlands provide a vital resource to ecosystem serviceassodiated rural
livelihoods but their extent, geomorphological heterogeneity antbffagraphy
make the representation of their hydrological functioning complesemi automated
method exploiting 526 MODIS (Moderate Resolution Imaging Spectmrazter) 8-
day 500 m resolution images was developed to study thelspati'emporal
dynamics of the annual flood across the Niger Inner Delta begudriod 2000 —
2011. A composite band ratio index exploiting the Modified Noisedl Difference
Water Index (MNDWI) and Normalised Difference Moisture In@&oMI) with

fixed thresholds provided the most accurate detection of floadss out of six
commonly used band ratio indices. K-means classified Lanusajeis were used to
calibrate the thresholds. Estimated flooded surface arei@sevaluated against
additional classified Landsat images, previous studiesialudstage data for a range
of hydrological units: river stretches, lakes, floodplains amgkted areas. This
method illustrated how large amounts of MODIS images maxptited to monitor
flood dynamics with adequate spatial and temporal resolutiog@odi accuracy,
except during the flood rise due to cloud presence. Previousatmns| between flow
levels and flooded areas were refined to account for thtet®sis as the flood recedes
and for the varying amplitude of the flood. Peak flooded araasd between

10 300 km2 and 20 000 kmz, resulting in evaporation losses rangingdre12 krm
and 21 k. Direct precipitation assessed over flooded areas refireedetland’s

water balance and infiltration estimates. The knowledgeegl on the timing,
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duration and extent of the flood across the wetland and in léedplains and
irrigated plots may assist farmers in agricultural watanagement. Furthermore
insights provided on the wetland’s flood dynamics may be wsddvelop and

calibrate a hydraulic model of the flood in the Niger Innelt&
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Remote sensing; Wetland; MODIS; Flood dynamics; Niger |Reta; Water

balance.
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1. Introduction

In semi-arid regions, the annual flooding of large alluvialnsdadrovides a vital
resource to many ecosystem services, including agriculivestock, groundwater
recharge and biodiversity. The extent, heterogeneity ahtbfyography of these
wetlands however prevent field surveys and hydrological monitoebgorks from
providing a detailed representation of the propagation and ¢eastcs of the flood
across the floodplain. Remote sensing provides a useful tool ¢ovelend
understand the spatial and temporal dynamic of floods. Syntetiture Radar
(SAR) and optical images have been applied with varyiegigion in the study of
several floodplains (Prigent et al., 2001), such as the Okavatigq@ambricht et
al., 2004; Wolski and Murray-Hudson, 2008), the Mekong (Sakamotq 20alr),
the Tana (Leauthaud et al.; 2013) and the Niger Inner Dighes et al., 2014;
Crétaux et al., 2011; Mariko, 2003; Pedinotti et al., 2012; Seikdr,2009; Zwarts et
al., 2005), as well as on large lakes and rivercourses (Alstlat.,, 2007; Qi et al.,
2009; Yésou et al., 2009), and smaller water bodies (Coste, 19%:li6at al.,
2009; Haas et al., 2009; Lacaux et al., 2007; Liebe et al., 200%tSbt 2010).
Though SAR images are not disturbed by cloud cover, they remajirsensitive to
water surface effects resulting from wind and currentsgchvimpede water
discrimination. Conversely, optical images are highlyaéd by cloud presence but
are less sensitive to surface properties and are theided to delineating water
bodies in semi-arid areas with low annual cloud cover. Howep@Qrtunities

provided by continued improvements in the spatial and tempa@lien of remote
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sensors and in image treatment and analysis must be fasthessed and validated

against field data.

The Inner Delta of the Niger River situated in centfali, West Africa is a large
floodplain covering four million hectares and supporting over ofi@mherders,
fishermen and farmers (De Noray, 2003). Despite availdblabdigital elevation
models (Shuttle Radar Topography Mission, Advanced Spacebornmadlltemission
and Reflection Radiometer), and extensive field surveygedaout in the early
1980s, the knowledge about the floodplain topography remains insuoiffioie
correctly model the propagation of the flood (Kuper et al., 2008| &teal., 2012).
Detailed information on the spatial and temporal dynamibefinnual flood is of
notable interest to stakeholders, considering the establisiezlations between the
flood levels and the associated ecosystem serviagdsding fish, fodder and crop
production (Liersch et al., 2012, Morand et al., 2012, Zwar ,e2005). Early
attempts by Olivry (1995) estimated the variations in kbeded surface areas
through a water balance, exploiting the proportionality betweeéd areas and
total evaporation losses, but focussed on the Niger Innea P¢ID) as a single
entity. Similarly, a Mike Basin model of the Nigen@r was developed by DHI but
considered the delta as a single reservoir. Kuper €@)3) modeled the flood based
upon 109 hydrological entities, using a simplified topography ofitleelplain and
river channels. The objective was to develop an intedmatodel of the wetland
ecosystem services and explore management options widhetders but did not

seek a physical representation of flood processes. To deviimy and spatially
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explicit model of the delta, attempts have relied on-agaogical models or remote
sensing. Similarly to Cissé & Gosseye (1990), Marie (20@8jrgted to use the fine
knowledge of the vegetation dynamics in the southern part dhtiee Delta to
develop a statistical relationship between the stage atilslioghtthe types of
vegetation flooded. Knowing the extent of each species over 2Rnd8and which
vegetation classes are flooded for each stage heighttihated the corresponding
flooded surface area. It could not take topographic effect@odount, nor the delay
between the flood in the upstream and downstream parts NiEhbut provided an
estimate of flooded surface areas as well as informatiassociated ecosystem
dynamics. The Carima 1D model with flood storage cellsGREBAH, 1985)
represented flow down the main river channel and overflosviamgitudinal plots,
but lacked data to validate flood dynamics in the floodplaincgedated at a low

spatial resolution (20 km).

Recent studies using optical remote sensing on the NID progsseshtial

information on the scale of the flood but were limitechiea humber of images used
during the flood rise or decrease, notably due to image avéylabost and cloud
cover. Zwarts et al. (2005) used Landsat images of 3Gaohuteon and an algorithm
based on mid infrared reflectance to detect flooded afbasmethod was developed
on 24 images spanning 8 years of the late 1980s and th&@@@yo provide a
spatially explicit model of the flooded areas for the wragydates and stage heights.
Mariko (2003) used 1 km National Oceanic and Atmospheric Ad it

Advanced Very High Resolution Radiometer (NOAA AVHRR) Bageimages over
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1990-2000 and employed a Full Colour Composite of Normalised Ditferen
Vegetation Index (NDVI), brillance index and a personalxriokesed on near infrared
to detect flooded areas. Seiler et(aD09) later used the Gray Level Dependence
Method (GLDM) on ENVISAT Advanced Synthetic Aperture Rads8AR) 30 m
images combined with Normalised Difference Water IndéRWI) on-Advanced
Spaceborne Thermal Emission and Reflection Radiometer (AbintRes to study

the flood over two dates.

Moderate Resolution Imaging Spectroradiometer (MODIS) sensbish gather
daily images at 500 m resolution, open exciting prospectsltmfthe variations of
the flood in wetlands with increased detail (Aires et20)14; Crétaux et al., 2011).
However, is the quality, accuracy and resolution of remetstiynated flooded areas
sufficient to correctly represent flood dynamics? At whatperal and spatial scales?
How can the insights provided by this wealth of freely add spatial information be
used in hydrology? The objective of this paper is to focub@se questions by
developing a semi-automated method to monitor the progressftddden a large
wetland exploiting large amounts of MODIS satellite imadé® method was
applied over a 11-year period in the Niger Inner Deltacamdronted against
extensive hydrological field data. Results are used to bigthiow the increased
temporal and spatial resolution can improve the informati@iable to stakeholders
on the dynamics of the flood across the whole delta and icteélBner hydrological
features. This knowledge is applied to refine the understandiessential

hydrological processes in the delta, notably evaporation &hichtion estimates and
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to provide 2D information on flood processes on which to build alilorate future

hydraulic models.

2. Study area and data

2.1. The Niger Inner Delta

The Niger River is the third longest watercourse in Afafiar the Nile and Congo
rivers. It is 4 200 km long and flows northeast from tfeinmains in Guinea and
Sierra Leone towards the vast floodplain of the Inner Deltktlae Sahara, before
heading South East towards Nigeria and the Gulf of Guinea itldatic Ocean.
Situated in Mali in West Africa (Fig. 1), the Niger Imri2elta, also known as the
Inner Niger Delta or the Niger Inland Delta, is a 40 000 #awdplain, roughly 100
km wide and 400 km long. The NID is extremely flat, andati¢ude of the river bed
decreases by less than 10 m over the 400 km which separatdrthand exit of the
delta. It is composed of a multitude of lakes, streamsmaardhes of varying
morphology and two main parts can be distinguished: 1) the upstigtarfrom Ke
Macina to Lake Debo, characterised by large independannhelsain the dry season,
which become totally flooded during the wet season and 2) the deamstielta from
Lake Debo to Koryoumé composed of multiple small lakes and popdsased by
East-West oriented sand dunes (Brunet-Moret et al., 1986). Disestgnificant
biodiversity, the Inner Delta is a wetland designated utdet971 Ramsar

Convention.
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The Niger Inner Delta is situated in a semi-arid regitiene mean annual rainfall
varies locally between 350 mm in the North and 700 mrherSouth (Mahé et al.,
2009), though this is subject to strong interannual variations. iMee iR therefore
vital to the livelihoods of the riparian population,whose extenagricultural
practices evolved to harness the benefits of the flbbese consist primarily of
fishing, floating rice Qryza glaberrima), rainfed millet on the fringes of the flooded
areas, as well as bourgdtchinocloa stagnina) and other fodder for which livestock
herders undertake large seasonal migrations (Ogilvie @0dl0). Their production
depends on the characteristics (timing, duration, deptmtg@xtethe annual flood
highlighting the importance of assessing spatialised intragdamad inter-annual
variations in the flood dynamic. Hydrological extremes sagkhose caused by the
drought in the 1980s notably led many perennial and temporary lakgsdotdr
resulting in famine amongst riparian populations. The developafiesgtveral dams
and weirs upstream of the delta including Markala (1947)n&éd (1981), Talo
(2007), and potentially Djenné and Fomi, also affect the nétavakregime and

reduce the amplitude of the annual flood (Marie, 2000; Zwagk,1005).

The hydrological year for the Niger River and the InneltdDis defined according to
the regional unimodal rainfall pattern and runs from May tdahewing April. The
rainy season peaks between the months of June and Septerhbecduse the flood
is generated by rainfall 500 km upstream rather than igqadbk flow values occur

between the months of September and December due to propdagtiomes.

INSERT FIGURE 1 AROUND HERE
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2.2. Remote-sensing optical data

MODIS sensors, aboard the NASA Aqua and Terra satellitesider multispectral
medium-resolution satellite imagery, suitable for studyange hydrological systems
superior to 10 000 km2 (Sakamoto et al., 2007). As moderateitiesotensors, they
benefit from a large swath and shorter recurrence periodsjiiad) them to capture
daily images. This temporal resolution is relevant for nooimgy floods that have
slow dynamics, such as the annual flooding controlled by the mooédoa
floodplain of the central Niger River and the lower MekongeRivmages are
available since 2000 from the Terra satellite, whilegenacquisition for the Aqua
satellite began two years later. The sensor acquirasatt&®0 m or higher spatial
resolution from seven spectral bands (out of the 36 banddtgefrom the visible

to the mid infrared spectrum, allowing the use of many iclalssomposite band ratio
indices. Though optical remote sensing is strongly affected by cémdlsther
atmospheric disturbances, which interfere with reflectasatges, MODIS images can
be used in the NID because most of the flood occurs when ctwmed is low. Indeed
the flood is mainly caused by precipitation in the upper cagchiand the flood peaks

a few weeks after the rainy season.

The fifth version of the “MODO09A1” surface reflectance dsgawith an 8-day
temporal resolution and a spatial resolution of approximatelyb@@re used in this
study. These 8-day composite images provided by NASA coimnpilee image the

best signal observed for each pixel over the following 8-day parnddelp reduce

10
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errors due to clouds, aerosols or viewing angle. The imageslpdonclude
radiometric corrections notably against diffusion and absorpti@irbgspheric gases
and aerosols and geometric corrections. These imageshamisk of prolonged
periods without a suitable image for the whole area. On the dowiisidiag between
two pixels can be anywhere between 1 and 15 days. M@Ages are freely
distributed and rapidly available, and a single image cdkersntire Inner Delta,

avoiding the need for mosaicking pre-treatments.

Images were ordered via the Reverb interface from the Paocesses Distributed
Active Archive Center (LP DAAC), which is a part of NAS Earth Observing
System (EOS). A total of 526 images covering the peribadmn July 2000 and
December 2011 were downloaded and treated. The method vespal/on images
for the hydrologic year running from May 2001 to April 2002, and fiday 2008 to
April 2009. Subsets of about 800 km in longitude by 480 km in latitad&ed on the
NID were extracted in GeoTIFF file format from the MOHBR files and projected
to the Universal Transverse Mercator (UTM) 30° North coa@irsystem using the

MODIS Reprojection Tool Batch programme (Dwyer and Schr2ield6).

Four sets of images provided by the Enhanced Thematic Mappasér of the
Landsat 7 satellite were also acquired for different phafsitee 2001-2002 and 2008-
2009 flood to calibrate and evaluate the method. These imagasspa@sspatial
resolution of 30 m and data from six spectral bands fromidiilele to the mid

infrared spectrum. Care was taken to select imagéslovit cloud cover. Due to the

11
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higher spatial resolution, the coverage is lower, and twgesiavere needed and

mosaicked to cover the Inner Delta.

2.3. Hydro-meteorological data

The Niger River due to its regional and transboundary importaewefits from a
significant hydrological observation network, managed by MBlitection Nationale
de I'Hydraulique. There are 43 flow gauging stations in therlbradta with data
ranging back to 1923, though time series are incomplete.séarioal stations are
principally located on the main stream channels, we lastal 2008 eight additional
gauging stations (automatic pressure transducers and manualxergeal staff
gauges) in the upstream part of the Inner Delta to recoet wiage on the Diaka
tributary and in the floodplain. Stage data from irrigated plots around Mopti were
also acquired from the Office du Riz Mopti (ORM). Furthere daily rainfall data
from 5 gauges in.the DIN over the period 2000-2009 was acdghireagh Mali's
Direction Nationale de la Météorologie. Field data waseprefl over remotely
acquired datasets such as Tropical Rainfall Measuringidig TRMM) considering
their greater accuracy at this temporal and spatial 9dalbolson et al. 2003 showed
that the correlation between TRMM rainfall data andifidta in West Africa was
excellent at the seasonal scale for pixels of 2.5° spasalution. At the monthly, 1°
scale needed for this study considering the spatial ruafahbility, the error was
greater than 2 mm/day in august over half the grid tedied, which corresponds to

40% of the mean august rainfall over 2000-2009. Monthly potential

12
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evapotranspiration (PET) values for 2008-2009 extracted froma@iResearch Unit
(CRU) 0.5° spatial resolution products (Harris et al., 2014easnly disposed of
field data from two stations (Mopti and Tombouctou). Sateilldaved PET datasets
(Bastiaanssen et al., 1998; Weedon et al., 2011) were notsutiealyaypically
require additional meteorological data and provide greatefitewhen studying
actual evaporation over different land surfaces. The CRU\Rlues are calculated
from half-degree values of mean temperature, maximum amdomn temperature,
vapour pressure and cloud cover and mean monthly wind valueBAThgrass
reference evapotranspiration equation (Ekstrom et al., 2007)iaatvaf the Penman
Monteith formula is used. Associated uncertainties stem the station data, the
interpolation technique and the model used. When compareditadeatation data
for Mopti and Tombouctou over 2008-2009, we found CRU PET values 1@%

lower in both cases.

3. Method

The method relied on the assessment of flooded areasausamposite MNDWI
and NDMI index on MODIS images, shown below to provide #& besults out of 6
indices. Their performance and the optimal thresholds weessed using confusion
matrices against k-means classified Landsat imagesDRmpiogramme combined
areas detected by both indices for the 526 images oveetioel 2001-2011 and
provided spatial and quantitative assessments of the floodesifareeach 8 day

MODIS image. Based on the analysis of cloud interfexeanmcMODIS images

13
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notably during the flood rise, time series of the floodedsreere smoothed. Results
assessed the coherence of the remotely sensed flood dgreamross the wetland and
within selected hydrological features such as lakes and flamdpbased on field
instrumentation. Results were compared with previous studiékreown correlations
between Mopti stage data and flooded areas were refirmatdnint for the varying
amplitude of the flood and the hysteresis observed durindathe decline. Finally,
wider applications in agricultural water management and hydraiagely to refine

the water balance of the wetland were discussed andaliedir

3.1. Detection of cloud interference

Though MODIS 8 day composite images (MODO09A1) seek to usedheest pixel
over an 8-day period, vapour clouds remained present in the aberd images. As
clouds reflect and absorb energy, their presence introduces irthe reflectance
values observed by satellite sensors, which can lead toutlifis and notably
overestimation of flooded areas. Cloud information is contaméte Quality
Assurance (QA) bits of MODIS scientific data sets (fO%ese SDS files are
enclosed within the MODIS HDF files provided by NASA. Aidiaprocess of the
MODIS Reprojection Tool (MRT) was used to first extr&2&xS files from the 526
HDF MODIS files, crop and reproject them to WGS 84 Ursaéil ransverse
Mercator 30°N. A second tool (Roy et al., 2002) provided by the Latd D
Operational Products Evaluation (LDOPE) facility responsibléfaality Assurance

issues relating to MODIS images, was used to extractiapthy the QA bits from

14



278 MODIS scientific data sets (SDS), and allow detectionquahtification of cloud
279 presence. An IDL programme then computed for each integpercentage of cloudy
280 and mixed (i.e. non-clear) pixels over the NID area ameig¢ed a corresponding

281 Geotiff file locating the clouds.

282 The Geotiff images and statistical results on the perceofagieudy pixels per image
283 showed that clouds covered on average 10% of the NID area in the2@DDO
284 MODIS images. Between 26 and 35 images out of 46 images pecymained less
285 than 10% clouds. Between September and April, cloud presence rernmingi9%

286 on average) but during the months of May-August (Fjgit# cloud presence rose
287 considerably to 23% of the NID area, disturbing most yearmtiretoring of the rise
288 of the flood. Excluding images with more than 10% or 15% clouds was teee
289 improve the coherence of the flood time series, however tatama sufficient images
290 to follow the flood through all phases whilst reducing errors duéotals, time series
291 of flooded areas were smoothed using exploratory data analydwdsaefTukey,
292 1977). Shown to be efficient in removing outliers, these methods asgantime

293 series vary smoothly over time and seek to remove the rough compaoséng

294 _repeated applications of a combination of running median smoothers on short
295 subsequences and full sequences, and Hanning linear smootheresAk af regular
296 cloud presence during the flood rise, remotely sensed floodedfarghs phase may
297 be overestimated. In 2001-2002 and 2008-2009 the reduced cloud presence allowe

298 more accurate detection of the flood rise.

299 INSERT FIGURE 2 AROUND HERE
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3.2. Discrimination of flooded areas in MODIS optical images

3.2.1. Remote sensing principles

Remote sensing of water bodies relies on the principleahdtdurfaces reflect
energy differently according to their physical propertiesgtical remote sensing, the
reflectance of water is composed of its surface rigftee, volume reflectance and
bottom reflectance, though surface reflectance is the ngpsfisant (Mather, 1999)
whatever the wavelength (Mobley and Mobley, 1994). Shorter emagbts in the
visible part of the electro-magnetic sprectrum are higflected by the surface of
water bodies, while longer wavelengths, notably in the infrare strongly absorbed.
By contrast, soil and healthy vegetation strongly reflectggnia the near infrared
(NIR) spectrum and vegetation has a low reflectance inethepectrum. In addition
reflectance in mid infrared (MIR) wavelengths is knowibécsensitive to vegetation
water content. As a result of these properties, refieetaalues in the red, NIR and
MIR spectra are particularly suited to distinguishing whtaties from vegetation and
bare soils (Annor et al., 2009; Liebe et al., 2005; Toya e2@02). Longer
wavelengths (bands 5, 6 and 7 in MODIS) are also lessrped by the reflectance

generated by sediments and bottom reflectance in shallowswhiet al., 2003).

Variations in the reflectance values observed in spespigctral bands can therefore
be used to distinguish types of land cover by thresholding rafleetvalues on a
single band (here red, NIR or MIR) (Frazier and Page, 2@@0he et al., 2008). A
classical way to identify and delineate water bodies onispelttral satellite images

is to define normalised band ratio indices using at leasbamds. These improve

16
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detection accuracy as reflectance values are normaileseds the image, reducing the
influence of localised distortion effects. Likewise, norsedi indices also reduce the
effect of distorsions over consecutive images and allowatime shreshold to be
applied at several dates thereby facilitating automafidineoprocedure. Finally they
are better than single bands at taking into account turbier wasubmerged
vegetation, for which the reflectance profiles are lessaddteristic. A widely used
index is the NDVI (cf. equation 1) computed from the neaanad and red bands and
proposed by Rouse et al. (1973) to detect vegetation iniimagesndéek can be used
to detect water pixels (Mohamed et al., 2004), where @stak negative values.
Several other indices exploiting the sharp contrast betweeretiectance of water in
the visible and infrared sprectra have been proposed td detesr, notably the
Normalized Difference Water Index (NDWI, cf. equation@pposed by McFeeters
(1996) and calculated from the green and near infrared bandsnhance the
capacity of the NDWI to distinguish water pixels, Xu (200&)pwsed the use of mid
infrared instead of near infrared and called this newxritle Modified Normalized
Difference Water Index (MNDWI, cf. equation 3). Lacawakt(2007) used the
opposite of this index to identify temporal ponds in Senegal, deded to it as the
Normalized Difference Pond Index (NDPI, cf. equation 4).sEheuthors also used
the Normalized Difference Turbidity Index (NDTI, cf. equati5) computed from the
red and green bands, to measure the water turbidity in pondsardance with the
Beer-Lambert law (Mobley and Mobley, 1994). Another index using ¢lae and mid
infrared spectral bands was proposed intially by Hardisky €t283) under the name

of Normalized Difference Infrared Index. It was subsequerthposed by Xiao et al
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(2005) under the name of Land Surface Water Index (LSWI) andisiogfy by Gao
(1996) under the name of NDWI and finally by Xu (2006) as tbarslized
Difference Moisture Index (NDMI, cf. equation 6). It wagially developed to detect
the vegetation water content and by extension can be appliedetct partially
submerged vegetation (Xiao et al., 2005). In order to discaitmiall forms of water
(open water, shallow waters, submerged vegetation)rimegshs of each band and

index can be combined (Crétaux et al., 2011).

The band ratio indices referred to in this paper are difirith MODIS spectral

bands as:
NDVI - B2-B1
B2+ B1
NDW] = B475B2
B4+ B2
MNDW] = 22258
B44B6
NDp| = 88752
Bé6+ B4
NDTI — B1-B4
B1+ B4
NDMI - B2—-B6
B2+ Bé6
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(equation 2)
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(equation 5)
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where B1 contains reflectances from 620 nm to 670 nm (red),0B2841 nm to 876
nm (near infrared), B4 from 545 nm to 565 nm (green), andd@®b ff628 nm to 1652

nm (mid infrared).

3.2.2. Comparing and calibrating band ratio indices to detect flooéd areas

An unsupervised classification in 15 classes was firfopeed on the six spectral
bands of four Landsat images (October 2001, April 2002, October 2008paihd A
2009) using the K-means clustering method. This iterative #igoseeks to classify
pixels into clusters and minimise the sum of the squareandistin the spectral space
between each pixel and the assigned cluster center. The & <luere reduced to 4
classes (open water, submerged vegetation, dry soils awegitation) based on
existing land use maps, knowledge of the area, and theapwdfiles of each
cluster. Open water and submerged vegetation classesh&aragregated to
“flooded areas”, and dry soils and dry vegetation were groupednon-flooded
areas” to produce a binary image. The unsupervised hgsgpproach, which
provides excellent results (Jain, 2009), could be carried otlteciour Landsat
images butas it is non parametric and image dependerggwiead a fast, repeatable
method based on objective parameters such as band rasbdlus for the 526

MODIS images.

The six band ratio indices discussed in 3.2.1 (NDVI, NDMUNDWI, NDTI, NDMI,
NDPI) were computed on MODIS images to compare theirtgbigiainst concurrent
classified Landsat images to discriminate flooded areas whger levels were high

(October) and low (April). A programme in the R language usesd to calibrate the
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382 thresholds of the 6 band ratio indices by producing confusion estretween each
383 band ratio computed on MODIS images and two classified lamtgages for

384 varying threshold values. The indices and associated threstiuilcts resulted in-the
385 lowest errors of omission and errors of commission wererdeted accordingly. The
386 method’s consistency was assessed with confusion matriaestiyvo additional

387 classified Landsat images.

388 3.2.3. Automated flood detection

389 A programme was written in the I5llanguage to automate the detection of flooded
390 areas on the 526 MODIS images, chosen to monitor the annuelterathnual

391 variations of the flood. The IDL routine automatically computeddhosen

392 composite MNDW!I - NDMI index for each image and appliedttiresholds

393 previously determined to identify the flooded pixels. The fipogramme created

394 GeoTIFF files of the flooded area for each image and dedhpiithin a table the

395 percentage of flooded pixels for each 8 day period. A maskapplied to exclude

396 pixels which are not part of the NID, in order to increasegssing speed.

397 3.3. Comparing remotely sensed flood dynamics with hyddogical
398 field data

399 Remotely sensed areas for the whole wetland over an 1pgead were compared
400 with previous estimates and with existing correlations witld i¢age data (Aires et
401 al., 2014; Mahé et al., 2011; Zwarts et al., 2005). Interannuatieas in the timing,
402 magnitude and duration of the flood and their consistencywitinological

403 observations were then explored.
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A grid based on the hydrological features present in thedéi2loped for a previous
model of the wetland (SOGREAH, 1985) was also adapted to Stadiydynamics in
selected hydrological units. Units were chosen to highlighbéiberogeneous flood
processes across the range of hydrological features preseatwetland, i.e. river
channel, floodplain, lake and irrigated area, and accorditigettmcation of installed
hydrological field equipment. To smooth out individual spurious piresulting from
incorrectly classified binary pixels, large cells agtegpinformation from around

1 000 pixels (i.e. around 200 km2) were delineated centred on hydadlteptures
(Fig. 1). The programme accepted cells issued from &ingesoftware (such as
SMS® ems-i) or in shapefile format, and calculated the numboaded pixels over
time in each hydrological feature. Correlations betwesrmotely sensed flooded areas
and corresponding field data were then studied to confirm theeradeeof remotely
sensed flood dynamics within hydrological units. These focuss@@@$+2009, when
the largest sets of hydrological and remote sensing dataavaiable. Gauging
stations were available at the upstream and downstream eetécffed features but as
the flood dynamic was homogeneous across each hydrological ergatige with

the most complete time series was used in the analysis.

3.4. Water balance of the wetland

500 m resolution assessments of the flooded surface are&-atgrtimestep
provided by MODIS images were used to assess rainfakkeaqubration over the

wetland, and refine its water balance. Daily timeesefiom Ke Macina situated
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upstream on the Niger river were combined with those from ®ganging station on
the Bani tributary to assess inflows into the wetland. ©uke construction of the
Talo dam on the Bani river in 2005, subsequent time seriesuateDwere
interpolated from downstream and upstream data. Outflow fronvétand was
estimated at the Koryoumé gauging station downstream. @inaiables (monthly
0.5° PET and daily rainfall values) were interpolated sihataer the wetland using
Thiessen polygons and converted to the MODIS 8-day timestege Malues were
multiplied by the corresponding MODIS estimated flooded aress$ess actual
evaporation from the wetland and direct precipitation intombgand. The water
budget residual term was then the difference betweétatibn from the flooded

areas and effective precipitation over non flooded areas.

For 2008-2009, daily rainfall values were first interpolated tivexe subsections
(based on isohyets) and monthly spatially explicit PET vére$40 cells (Fig. 15)
were used. These results were compared with resulismiettasing daily P and
monthly PET values interpolated across the whole wetland, wghiolved that total P
and PET from the wetland varied by less than 10%. Aswdtyealculations for the 11
year period used values of P and PET interpolated a¢tr®sgiole wetland.

Sentitivity of the water balance to uncertainties watsreated.
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4. Results and discussion

4.1. Ability of band ratio indices to discriminate flooded areas

Confusion matrices were used to compute pixel classificatiomracy between the
thresholded band ratio MODIS images and the k-meansfidddsandsat images.
The lowest errors of omission and errors of commission wer@ebdtasing the
MNDW!I, NDMI and NDVI indices (Fig. 3). MODIS classifieidhages showed that
the NDVI detected vegetation correctly in the NID but Vess suited to
distinguishing between soils and pure water and between dffoaded vegetation.
The MNDWI was most suited to the detection of all typlewater. It identified the
water bodies and certain parts of flooded vegetation and ceulddnl alone during
periods of deep water. However, as the flood recedes anceteearflooded
vegetation become proportionnally more important, the vegetatiovtiyled to
difficulties in water detection, and the MNDWI systeioally under-estimated water
surfaces. The Inner Delta notably supports large areas of &o(Ecghinochloa
stagnina) which thrives in water depths up to 4 m and can be suletehgring 6
months. The NDMI, which was capable of identifying submergeggtation but
failed to reliably detect pure water was therefore ahdgseomplement the MNDWI.
NDTI identified flooded vegetation correctly but was lessrilisinant between clear
water and bare soils. NDWI was proficient in identifyinggowater and parts of the
flooded vegetation. Values for these land uses weraedpectively high and very

low, hence no single threshold could be used.

23



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

For the MDNWI, classifying pixels above the threshold of -@84looded areas
produced the nearest match with the classified Landsageimharing high floods
(October 2001, 86% of well classified pixels) and during low flgqégsil 2002, 88%
of well classified pixels). Incorrectly classified pigalan be explained by the inherent
uncertainties (atmospheric, radiometric) in the measuremespiectral reflectances
and in the classification of flooded vegetation and shallaters. The variation in the
flooded surface area detected by using a threshold of =0.30afhdvere significative:
during the flood, the difference was about 4 % but in the dipgé reached 23 %.
The second decimal in the threshold thus needed to be takexcmiot, contrarily to
what was done in Sakamoto et@007). For the NDMI, pixels above the threshold
value of 0.15 were considered. The areas detected byahéresholded indices were
then added, i.e. an area that met either condition veasifiéd as flooded, effectively

creating a composite index.

Confusion matrices between MODIS images and two additiomadda k-means
classified images (October 2008 and April 2009) showed that 8®ixel were
correctly classified. The result, comparable to 87% ofectly classified pixels on
the 2001-2002 images, confirmed the method’s consistency in dgtéotbded

areas, compared to Landsat classifications.

INSERT FIGURE 3 AROUND HERE
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4.2. Flood monitoring at the Inner Delta level

4.2.1. Annual and interannual flood dynamics (2000-2011)

This method, which allows the automated treatment ofuaesttity of images, was
applied to 526 MODIS images of the NID covering the periad/éen July 2000 and
December 2011. Over the 11 hydrological years studied, theflpeded surface area
varied between a maximum flood of 20 000 km? in autumn 2008 emdig@um of

10 300 km? in autumn 2011. The 2000-2011 mean of the maximum floodadesurf
area was 16 000 km2 and the standard deviation 3 400 kmz, prowidigigt into the

significant interannual variability in the extent of the flood.

During the dry season, the flooded surface area receded §sivgig to a minimum
of 3 800 km2 (2000-2011 interannual mean) the following April befwceeasing
during the month of June and rising rapidly in August. Minimuines measured
between mid March and mid April using images with lese @26 clouds, varied
between 3 000 km2 and 4 000kmz. Images for the later monthsheaviy

influenced by cloud presence and could not be reliably used. Fadtes when water
levelsare low and vegetation becomes important, the sagatherefore boundaries
of water, soil and vegetation are noticeably hard to difteate (Mialhe et al., 2008).
No correlation between the peak and minimum flooded areas dweiralogical year
was found, despite the former influencing the amount eémteapped in lakes and
depressions, partly due to difficulties in estimating flabdeeas during the dry

season, and exceptional rainfall in March-April.
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The Mopti gauging station is regularly used to model the drilmaals in the Delta
(Mahé et al., 2011; Zwarts et al., 2005), due to its cemtcation where it perceives
flow variations in the Niger river and indirectly the Baiver, a major tributary.
Fluctuations in the total flooded area are indeed known tisiben by changes in
rainfall of the Niger and Bani upper catchments (Mahé. e2@09). The annual flood
dynamic observed through remote sensing appeared coherent withlblepggime
(Fig. 4), providing confirmation of the method’s ability to @mtty represent the
phase of the flood. Interannual variations in the peak flood=abavere also strongly
correlated (R? = 0.93) with the peak monthly flows in Octattéviopti confirming
the method’s capacity to represent the variations in thegepktude of the flood
(Fig. 5). Peak values were obtained using the maximum vatuméges between 8
October and 9 November, and manually excluding inconsistentvadads. This
appeared legitimate, considering the prolonged peak flood. The chnglues
obtained and their variation according to peak flow in Oct¢big. 5) were
consistent with previous remotely sensed estimates (Ailds €014; Mariko, 2003;
Zwarts et al., 2005), though values were moderately supeherdifference in
absolute values reveals the difficulty in assessing floodddce areas accurately and
may be due to better detection of flooded vegetation amgtaisthe NDMI, as well as
differences in the delimitation of the wetland boundariesthiermore Zwarts et al
(2005) could not monitor directly the flood progress over a yeainsigtad relied on
a correlation between 24 Landsat images spread oveabgears to derive a

correlation between flooded areas and the Akka stage Maeko (2003) using
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NOAA AVHRR was limited by the number of suitable images to clouds and

geometric distorsions.

INSERT FIGURE 4 AROUND HERE

INSERT FIGURE 5 AROUND HERE

4.2.2. Stage-surface area correlations accounting for hysteresis éamplitude

The relationship between stage values at Mopti and the gentfiboded surface
area across the whole NID was also explored for each imaggehe 11 years. To
account for the fact that MOD09A1 images are a composition olspoxer the
following 8 days, the corresponding average 8 day stage &t ap used. The flood
rise (August-October) and decline (November-April) were iffidiated in order to
isolate the hysteresis behaviour described in 4.2.3, vdaiakes flooded areas to
recede much more gradually than they increase durindpoibe fise. The difference
in the stage - surface area for both phases of the flobdwensin Fig. 6, which also
illustrated how the relationship varies according to the angdiof the flood. As the
flood recedes, the flooded surface area is indeed deterimynibe amount of
outerlying disconnected areas which were flooded during the flad pe
Accordingly, the hysteresis seen in Fig. 6 was mosiifgignt for the largest floods.
Previous research suggested this (Mahé et al., 2011; Zstaits 2005), but could not
examine this due to an insufficient amount of images per {peaing the flood rise
(Fig. 6) the stage — surface area relationship is atficectly determined by the

amplitude of the peak flood. Indeed depending on the amplitude) stage reaches a
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certain value at Mopti, a larger flood wave will havaofiied larger areas upstream of
Mopti in a stronger year. Analysis was however limited leydloud interference

during the flood rise which may have overestimated floodegkare

INSERT FIGURE 6 AROUND HERE

Due to the regional importance of the flood in the Inner Deise relations are of
interest to stakeholders, and have in the past been linkaehh- simple regression
models to variations in upstream river levels (Mahé.eR@all1; Zwarts et al., 2005).
Zwarts (2010) notably estimated from August flow data, thedihber stage levels at
Mopti and Akka and the corresponding estimated flooded area.d@efations
improve upon former statistical relationships by distinguishin@thglitude of the
peak flood and increasing the accuracy of estimated swafaes. Fig. 7 can be used
to provide from the peak flow value in October an estimatheopeak flooded area
across the whole wetland and an estimation of the floodes ass it recedes. Care
must be taken when extrapolating this relationship for floogerizethe range studied
here, i.e. peak floods between 10 000 km? and 20 000 km?. Furthesinau&gtions

of past or future floods must also account for possible changes MID hydraulic

pathways due to dams or land use changes.

INSERT FIGURE 7 AROUND HERE
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4.2.3. Spatial heterogeneity of the annual flood

The treated MODIS images allowed the representatiorspaital analysis of the
annual flood’s progress through the NID (Fig. 8) at high sp&0 () and temporal
(8 days) resolutions. The significant presence of clouds betMay and August

(Fig. 2) prevented an accurate monitoring of the arrivéhefiood, except in 2008 as
a result of limited cloud cover. The flood peak and subsequergake were
consistently detected every year. These images weraginegated to compute a map
of the duration each pixel remains flooded between Augustanidiowing April

(Fig. 9). Combined with numerical estimates of floodedsaneaelected hydrological
units (Fig. 10), these maps revealed significant spspidificities in the flood
dynamic. These occur as a result of the time needed fliodtewave to travel
downstream and of the geomorphological differences encountetieel #od

extends laterally. The hysteresis like behaviour which ocghesh water remains
trapped in lakes and agricultural plots, naturally by therbianks or intentionally
through a system of manually operated gates, leads tdicagniy delayed and
prolonged floods. The greater presence of lakes and depressibasNarth of the
wetland explains the longer flooding in this area (Mahé.g2@09), which in 2008-
2009 lasted principally between September and January, wéhkadelayed until late
November. In the South the flood receded much faster lastitngeen the months of
August and November, with a peak flood occuring in early Octdltes marked
delay is in line with former observations (Brunet-Moretlgtl®86) and concurs with

available flow data in the main river channels.
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Fig. 8 showed that the flood in the South had in fact peatbsided from evaporation
and flow downstream, when the North became flooded. Conveltsidg,Oro in the
North was still emptying when the upstream part begun to floaith £gigs. 10a and
10d). These spatial differences in the timing and duratiaheoflood must be
accounted for when modelling the propagation of the flood witlerdelta, and the
NID can not be represented as a single unit or reservdiratibmogenous and
gradual flood dynamic. Visualising the parts of the wetlanddé&d during the high
flood in 2008-2009 (Fig. 9) could also lead to defining the contoiuassuitable
modelling grid, though a margin for the expanse of the floodaeemional years
must be included. The spatial heterogeneity observed itotbe: duration and timing
could also be used to derive a typology of flood dynamics apdieéine how cells

can be agregated and the corresponding optimal spatialtresolu

INSERT FIGURE 8 AROUND HERE

INSERT FIGURE 9 AROUND HERE

4.3. Flood monitoring at the hydrological unit level

The percentage of flooded pixels calculated for each MORERe in selected
hydrological features (Fig. 1) was compared with corresporadiagable stage data.
In cells along the main riverbed such as Mopti, Ke Maamé Diré (Fig. 10a), the
flooded areas rose and receded in accordance with gtvegl sharp and short flood

hydrographs for nearby gauging stations. The high level of cooriatcoherent
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with a geometrical stage-surface relationship, and provide@lpsonfirmation of the
ability to use MODIS images to study flood dynamics locaMere correlations
were good, the equations derived from these relations maytddamonitor water
depths using daily or weekly MODIS images. Fig. 11a showdhbkatorrelation
remained stable over the 11 years, implying that theatae$ could assist in filling
gaps in data series or extrapolating to years before equiprasnh place.
Conversely, past and future stage time series could be@gstimate the flooded

surface area in these cells.

In floodplains (Fig. 10b), the flood dynamic observed remotelyshghtly different
to nearby stage measurements, but coherent with geomorpholomisalerations.
The flood rise was delayed due to the lag before the watke riverbed overflows
its bank and enters the floodplain. Likewise, as the flooddes, a hysteresis
phenomenon leads to a slower decrease in flooded areasapendste to water
remaining trapped in outer lying floodplains, which graduallyairythrough
evaporation, infiltration and water use. This different betavas the flood rises and
recedes highlighted in Fig. 11b led to a greater sudeez during flood decline than
flood rise for the same stage level at Diondiori. In Lake (Big. 10d), the flooded
area also only begins to rise when river stage vaksshra certain level (Batti,
2001). The connection between the river, where the Tonka gasigitgn is situated,
and Lake Oro is however also influenced by a flood gate dpesteveen october and
february. Once river levels have risen sufficientig ahe gate is opened, flooded

areas increase rapidly. In february, when the lake hed fip, stage value have
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reduced and the gate has been closed, the lake beconmmédisted again from the
river and water levels in the lake reduce from evaporaindiftration and water use.

Flood gates are reopened the following october.

In irrigated rice plots topographic information enabled the praoluof a surface-
stage relationship to convert MODIS estimated surfagasatio estimated stage
values. These showed a very similar trend to stage nezasats available at the
entrance of the canal at Diaby (upstream of the casieri/8ag), confirming the
accuracy of this method. Estimated stage values:for the r@mained marginally
lower which is coherent with the configuration, considering therabslope present
to convey water to the plots. Fig. 10c shows the plots fillinQctober and the
gradual decrease from evapotranspiration and infiltration dugeggrowth until the
end of November, when the sluice gates are opened. Rdsalteweal the rapid
decrease in flooded area after the sluice gates aredypeinen local measurements
have ceased. These examples illustrated insights whiamotatways be inferred
from nearby stage measurements and the ability of MQDéges to be used for
relatively small areas (60 km?) and over relatively shertods of flood rise and

decline.

INSERT FIGURE 10a, 10b, 10c, 10d AROUND HERE

INSERT FIGURE 11a, 11b AROUND HERE

4.4. Understanding local flood dynamics in agriculturalwater
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management

The differences observed in local flood dynamics also hmeagapplications in
agricultural water management, where understanding the tamidgluration of the
flood can help target and time irrigation practices.(B)g In Lake Oro, for instance,
the maximum surface area was reached in January, over one latenthan in the
nearby river channel, and remained flooded until the follovegtember, providing

a valuable resource during the dry season (Fig. 10d). Tofyéwitotal surface area
in the NID available to support certain ecosystem sendgcesop cycles, based on the
length of their irrigation requirements, flood duration curvebh@iNID scale were
extracted from the spatial information. Fig. 12 shoves th 2008-2009 around

20 000 km2 were flooded for at least 90 days, defining the artea® plots (with one
to two metres water depth) are suitable for floating piceluction (Liersch et al.,
2012). Around 500 km? remained flooded throughout the flood, mostly theriveiin
channel and certain lakes, while the majority of the Bdidained flooded between 11
and 15 weeks. Large areas were flooded very briefly, nothblipanks of rivers and
lakes, as well as minor depressions filled by rainfalherflood. The total (non
synchroneous) flooded area during the August 2008 - April 2009 flood teache

32 550 kmz, i.e. a total of 32 550 km? were flooded for at sameiti the year, but

only 20 000 km2 were flooded at the same time.

INSERT FIGURE 12 AROUND HERE
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669 Reduced floods, observed in 2002, 2004, 2005 and 2011, are known to have
670 devastating consequences on the ecosystem services dependantloodthnotably
671 reduced rice production and fish production (Morand et al., 2012). Fig. 13gighli
672 how the hydrological response in specific areas was more omaftested by the
673 variations in the amplitude of the flood, due to the morphology of tffereft
674 sections, with more shallow areas of the delta flooding reasdly. Fig. 14 displays
675 flood duration curves created from flood hydrographs for a floodplie. flood
676 across the hydrological unit was considered synchrone, considerinthéisat were
677 delimitated on the basis of their homogeneous flood behaviougreas where the
678 timing, amplitude and duration of the flood are similar. In 2004, wimnenpeak
679 flooded area in the NID was 45% lower than in 2008, the peak floogedirathis
680 Kakagnan floodplain reduced by only 22% compared to 2008 (Fig. 14). Fidh cat
681 directly correlated to the peak flooded area, also decreasembinyda?22% or 520
682 tonnes, based on a fish catch of 55 kg/ha (Morand et al., 20d&)s looded more
683 than 90 days potentially suited to floating rice production however eedoyg 33%,
684 and possibly more as the crop requires a minimal water deptimeoimetre. The
685 remote assessment of the flood dynamic within individual lake$l@odplains of the
686 wetland thus provides increased opportunities for stakeholders to olisernvepact

687 . of hydrological changes on dependent agricultural practices.

688 INSERT FIGURE 13 AROUND HERE

689 INSERT FIGURE 14 AROUND HERE
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4.5. Improving the water balance of the NID

4.5.1. Spatial and interannual evaporation variations

Evaporation losses for 2008-2009 were calculated from MODi®asid flooded
areas and CRU PET data for 140 grid cells adapted from amg>gsid
(SOGREAH, 1985) providing a map of evaporation losses acrodiEh@-ig. 15).
PET values range from north to south between 2120 mm and 1658rmdmmean
PET across the NID is estimated at 1970 mm. This isimalhg lower than previous
estimates by Olivry (1995) of 2 300 mm, and can be explaindiaeby2% lower
CRU PET values compared to Mopti and Tombouctou statioradateell as minor

interannual differences.

Actual evaporation rates from the wetland varied betweam/day and 7 mm/day
over the year 2008-2009, which compare well with values bet&eem/day and 7
mm/day in (Dadson et al., 2010). In 2008-2009, cumulative evapotaises from
the whole wetland reached approximately 20 Kfig. 16). This equates to 440 mm
from the wetland or 1.2 mm/day, which is within the rangeatdie@s modelled by
recent studies over the same period, notably 1.1 mm/day padsl., 2010) and 1.8
mm/day (Pedinotti et al., 2012). In this study, evapotranspiration fion-flooded
areas of the wetland (soil moisture, vegetation) were 3esasd, which would
increase overall evaporation losses. However, evaporatiorflivoded areas may

have been overestimated slightly, as evaporation ratesviretlands (i.e. water
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bodies covered by vegetation) can be inferior to those ofwptar. Uncertainties on

remotely sensed flooded areas are however expected to beeteminent.

Though evaporation per flooded area was highest during the monttesdrf/tseason,
total evaporation from the NID was superior during the monti@ctéber and
November, due to the large surface area flooded. Likegfsdial variations in actual
evaporation (Fig. 15) were significant due to higher PETiesaln the Northern parts
and the longer flood durations along river stretches and lakes.2001-2011,
annual evaporation varied between 12 lamd 21 km (Fig. 17) with a mean value of

17.2 knA.

INSERT FIGURE 15 AROUND HERE

INSERT FIGURE 16 AROUND HERE

4.5.2.  Accounting for rainfall and estimating infiltration

The difference between inflows to the wetland calculfitan gauging stations on the
Niger-and Bani rivers and outflows at Koryoumé ranged bet®eehknt/yearand 19
km?®lyear over 2001-2010. This corresponds to a reduction ranging Ined8&eand
40% of annual inflows as water flows through the delta in liitle previous findings
(Mahé et al., 2009). The annual losses were strongly cadeldth peak flooded
areas (Fig. 17), confirming the hypothesis used in previous wodssess flooded

areas from downstream losses (Mahé et al., 2009; Olivry, 1995).
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Evaporation losses (Fig. 17) calculated using MODIS rematatged flooded areas
were superior to the difference between inflow and outflow, lggtihg the other
fluxes which must be accounted for, notably the non negligibleibation of rainfall
into the NID. Rainfall interpolated over the NID variedve¢n 280 mm/year and
560 mm/year over 2001-2010, i.e. 33 to 66 kar over the total NID area.
However, in the water balance, only effective precipitatiarst be accounted for.
This is composed of direct rainfall falling on flooded argdsere the runoff
coefficient is 1) and effective precipitation over non floodexhs. Direct
precipitation over the wetland calculated from interpolasgdfall over the MODIS

flooded areas varied between 2.6%gaar and 8.5 kityear.

The water budget residual term is then the difference leetindiltration over the
wetland and runoff generated by rainfall falling upon non floodedsaof the NID.
Interannual storage changes and flows from groundwater welectezdin line with
previous studies (Mahé et al., 2002, 2009; Olivry, 1995), considdwé@ngrbinimal
contribution. The calculated residual term of the water budgétd between -0.7 to
5 kntlyear. Fig. 17 shows how for larger floods the residual igipesmplying
infiltration is superior to effective precipitation over rtooded areas. This is
coherent with greater flooded areas subject to infitireéind the reduced area
contributing indirect runoff to the wetland. Infiltration occpredominantly through
the prolonged flood in the floodplain and in the sandy soils ilNtréh (Mahé et al.,
2009), as the impervious clay soils along the riverbed othehwiged surface-

groundwater exchanges (Gourcy, 1994). For smaller floods, the poom@ditigreater
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rainfall over non flooded areas and the reduced infiltrdtimm the wetland can
explain the negative residual term. Mahe et al., 200&hastd the runoff coefficient
around the delta around 5% considering the strong evaporation dp&ssind
presence of lakes and depressions which trap water. Bagb value, , the water
budget leads to an estimated annual infiltration rangihgd® 50 and 400 mm, i.e.
around 1 mm/day over flooded areas. The rare studies tratidn in the NID
(Alazard, 2009) suggested an infiltration rate around 100-200 eamg@epending on

the size of the flood.

Sensitivity tests where input values varied by + 20% kgghkhat inaccuracies over
rainfall gauge data and runoff coefficients have a limibéidence (10-30%) however
uncertainties over potential evaporation and flooded areas asticdlly change
mean infiltration estimates (over 100%), notably during low floBdspite
uncertainties at each step of the calculation of the viealence (flooded area,
evaporation, direct rainfall, runoff coefficients), evapanatand infiltration results
presented here were coherent with the limited knowledg&bleafor the wetland’s
hydrological functioning. Crucially, it highlighted that evagaa being superior to
the difference between inflow and outflow, additional raindakr the wetland must
be accounted for. The high repetitivitiy of MODIS images itieyefore be used to

provide additional insights and refine the water balanceeoNtD.

INSERT FIGURE 17 AROUND HERE
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5. Conclusions

This study developed a semi-automated method exploiting 8-day 300DIS
multispectral satellite imagery to monitor over sevgears the annual flood in large
wetlands, such as the Niger Inner Delta (40 000 km2) MIWBWI was shown to be
most suited out of six commonly used band ratio indices tatdéeded areas using
fixed thresholds. Its combination with NDMI assisted inadifintiating between
flooded and humid vegetation, a common problem during the tatieths of the
flood. Additional ground truth data when the flood recedes woulbduitprove the
accuracy of the classification. Correlations with substhbfiial data from a range of
hydrological entities confirmed the.coherence and precafioemotely sensed flood
dynamics in the floodplain, river channels, lakes and irrchatgicultural plots.
Relationships to estimate the total flooded area from Muagje values were refined
thanks to the high temporal repetitivity of MODIS imageadoount for the

hysteresis phenomenon and interannual variations in the amplittite fédod.

This paper illustrated how MODIS images complement hydrodbgiloservations to
monitor flood dynamics at high temporal and spatial resolutiovsadarge areas.
This knowledge was applied to understand spatial variatiotme iflood
characteristics (timing, duration, extent) and may helpropé agricultural water
management. Remotely sensed flooded areas were useaéoenediporation
estimates as well as precipitation and infiltration dtxerwetland. Though minor and

often neglected, annual differences in annual rainfall mfiltration over the wetland
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are essential to explain interannual variations in theembalance. Information on the
propagation and dynamics of the flood may be used to develop lérdtesa two-
dimensional hydrodynamic model (Neal et al., 2012; Roy e2@l2) of the wetland.
Advanced cloud treatment methods or approaches combining MODIS jmeigier
Radar information could usefully reduce cloud interferexra improve accuracy

during the rise of the flood.

Acknowledgements

These works were partly funded with financial support fromfReILEE and the

UNESCO/EU “Niger-Loire: Gouvernance et culture” project.

References

Aires, F., Papa, F., Prigent, C., Crétaux, J.-F., 8&iguyen, M., 2014.
Characterization and Space—Time Downscaling of the Inundati@mEoter the
Inner Niger Delta Using GIEMS and MODIS Data. J. Hydromoetdke 15(1), 171

192.

Alazard, M., 2009. Analyse hydrodynamique et géochimique deadtitens surface-
souterrain dans le Delta Intérieur du Niger au Mali. M&sis, University of

Montpellier 2, France

Alsdorf, D., Bates, P., Melack, J., 2007. Spatial and teatipomplexity of the

Amazon flood measured from space. Geophys. Res. Lett. 34(8), 6.

40



811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

Annor, F.O., Van de Giesen, N., Liebe, J., Van de ZBaglilmant, A., Odai, S.N.,
2009. Delineation of small reservoirs using radar imagerysgnai-arid environment:

A case study in the upper east region of Ghana. Phys. . (Haath 34(4-5), 309-315.

Bastiaanssen, W.G.M., Menenti, M., Feddes, R., Holt#iadl998. A remote sensing
surface energy balance algorithm for land (SEBAL). 1. Fornaula. Hydrol. 212-

213, 198-212,

Batti, A., 2001. Etude du Delta Central du Niger pardé&iéction: méthode des

ondelettes. PhD thesis, Université Louis Pasteur, Strast€namge.

Brunet-Moret, Y., Chaperon, P., Lamagat, J.-P., Molinier,1486. Monographie

hydrologique du fleuve Niger. Orstom, Paris, Paris.

Cissé, S., Gosseye, P.A., 1990. Compétition pour des ressaomtésd: le cas de la

cinquieme Région du Mali. Wageningen, Netherlands.

Coste, S.,1998. Inventaire des mares et des ravinedgutéktion pour
I'élaboration d'un modeéle hydrologique en zone sahélienne (Koradé@ahdou,
Niger). MSc thesis, Ecole Nationale du Génie de I'EaledtEnvironnement de

Strasbourg, France.

Crétaux, J., Bergé-Nguyen, M., Leblanc, M., Abarcal®iel| R., Delclaux, F.,
Mognard, N., Lion, C., Pandey, R.K., Tweed, S., Calmant&isongrande, P.,
2011. Flood mapping inferred from remote sensing data. Internati¢etalr

Technology Journal 1(1), 46-58

41



831 Dadson, S.J., Ashpole, I., Harris, P., Davies, H.N.,iCRrB., Blyth, E., Taylor,
832 C.M., 2010. Wetland inundation dynamics in a model of land sidkmate:

833 Evaluation in the Niger inland delta region. J. Geophys. Res. D23114.

834 De Noray, M.-L., 2003. Delta intérieur du fleuve Niger aaliMquand la crue fait la
835 loi: 'organisation humaine et le partage des ressouraesutee zone inondable a fort

836 contraste. VertigO-la revue électronique en sciences derbemement. 4(3), 1-9.

837 Dwyer, J., Schmidt, G., 2006. The MODIS Reprojection ToolQu, J., Gao, W.,
838 Kafatos, M., Murphy, R., Salomonson, V. (Eds.), Earth Sci&atellite Remote

839 Sensing. Springer Berlin Heidelberg, pp. 162-177.

840 Ekstrém, M., Jones, P.D., Fowler, H.J., Lenderink, G., ligand, T.A., Conway, D.,
841 2007. Regional climate model data used within the SWURVE@i®jl: projected
842 changes in seasonal patterns and estimation of PET. Higambh Syst. Sci. 11(3),

843 1069-1083.

844 Frazier, P., Page, K., 2000. Water body detection and detinegith Landsat TM

845 data. Photogramm. Eng. Rem. Sens. 66(12), 1461-1467.

846  Gao, B., 1996. NDWI—A normalized difference water indexré&note sensing of

847 vegetation liquid water from space. Remote Sens. Environ. 23}266.

848 Gardelle, J., Hiernaux, P., Kergoat, L., Grippa, M., 2QE8s rain, more water in
849 ponds: a remote sensing study of the dynamics of surface \irar@ré 950 to present

850 in pastoral Sahel (Gourma region, Mali). Hydrol. Earth Sysit. 14(2), 309-324.

42



851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

Gourcey, L., 1994. Fonctionnement hydrogéochimique de la cuvette lmdustieuve
Niger(Mali): Bilans et suivi des flux hydriques, particuéaret dissous et des flux de

méthane. PhD thesis, University of Paris Sud, France.

Gumbricht, T., Wolski, P., Frost, P., McCarthy, T., 2004. Easéng the spatial
extent of the annual flood in the Okavango delta, Botswaikbydiol. 290(3-4), 178—

191.

Haas, E.M., Bartholomé, E., Combal, B., 2009. Time serialysis of optical remote
sensing data for the mapping of temporary surface water bodieb-Saharan

western Africa. J. Hydrol. 370(1-4), 52-63.

Hardisky, M., Klemas, V., Smart, R., 1983. The influeateoil salinity, growth
form, and leaf moisture on the spectral radiance of $@aatterniflora canopies.

Photogramm. Eng. Remote Sens. 49, 77-83.

Harris, I., Jones, P.D., Osborn, T.J., Lister, D.H., 2QpHated high-resolution grids
of monthly climatic observations - the CRU TS3.10 DatasetJI@limatol. 34(3),

623-642.

Jain, A. K., 2010. Data clustering: 50 years beyond K-meatter® Recogn. Lett.

31(8), 651-666.

Kuper, M., Mullon, C., Poncet, Y., Benga, E., 2003. Integratedelling of the

ecosystem of the Niger river inland delta in Mali. Eddbdell. 164(1), 83-102.

43



870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

Lacaux, J.P., Tourre, Y.M., Vignolles, C., Ndione, JLafaye, M., 2007.
Classification of ponds from high-spatial resolution remotsisg: Application to

Rift Valley Fever epidemics in Senegal. Remote SEnsiron. 106(1), 66—74.

Leauthaud, C., Belaud, G., Duvalil, S., Moussa, R., GriinhefgeAlbergel, J., 2013.
Characterising floods in the poorly gauged wetlands of the Ramea Delta, Kenya,
using a water balance model and satellite data Hydrath Baist. Sci. 17(8), 3059-

3075.

Li, R., Kaufman, Y., Gao, B., Davis, C., 2003. Remotas8®) of Suspended
Sediments and Shallow Coastal Waters. IEEE Trans. Geasuoi. £ens. 41(3), 559—-

566.

Liebe, J., Van de Giesen, N., Andreini, M., 2005. Estimatiosmall reservoir
storage capacities in-a semi-arid environmentA case stutlg Upper East Region

of Ghana. Phys. Chem. Earth 30(6-7), 448—454.

Liersch; S.; Cools, J., Kone, B., Koch, H., Diallo, M.jriRardt, J., Fournet, S., Aich,
V./ Hattermann, F. F., 2013. Vulnerability of rice produciiothe Inner Niger Delta
to-water resources management under climate variabilitglzarye. Environ. Sci.

Policy 34, 18-33.

Mahé, G., Bamba, F., Orange, D., Fofana, L., Kuper, Nuriéd, B., Soumaguel, A.,
Cissé, N., 2002. Dynamique hydrologique du delta intérieur dur Kidgi).

Séminaire Int. GIRN-ZIT. Collogues et séminaires, IRD,19-195.

44



890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

Mahé, G., Bamba, F., Soumaguel, A., Orange, D., OliirgZ., 2009. Water losses in
the inner delta of the River Niger: water balance and 8dattea. Hydrol. Processes

23, 3157-3160.

Mahe, G., Orange, D., Mariko, A., Bricquet, J.P., 2011lintsgton of the flooded area
of the Inner Delta of the River Niger in Mali by hydrologi balance and satellite

data. IAHS Publ. 344, 138-143.

Marie, J., 2000. Delmasig: hommes, milieux, enjeux spagaionciers dans le delta
intérieur du Niger (Mali). Habilitation a Diriger degé&herches, Université Paris X,

France.

Mariko, A., 2003. Caractérisation et suivi de la dynamiquEmandation et du
couvert végétal dans le Delta intérieur du Niger (Mali)tpkdétection. PhD thesis,

Université Montpellier 2, France.

Mather, P., 1999. Computer processing of remote-sensed indagagroduction.

John Wiley and Sons Inc, Chichester, New York.

McFeeters, S.K., 1996. The use of the Normalized Diffexaéftater Index (NDWI) in

the delineation of open water features. Int. J. Remote $é(®, 1425-1432.

McMahon, T.A., Peel, M.C., Lowe, L., Srikanthan, R., Nicaf, T.R., 2013.
Estimating actual, potential, reference crop and pan evamoreting standard

meteorological data: a pragmatic synthesis. Hydrol. Bz, Sci. 17, 1331-1363.

45



909 Mialhe, F., Gunnell, Y., Mering, C., 2008. Synoptic assesswienater resource
910 variability in reservoirs by remote sensing: General ambread application to the

911 runoff harvesting systems of south India. Water Resour.42¢5), 14.

912 Mobley, C. D., 1994. Light and water: Radiative transferatural waters (\Vol. 592).

913 San Diego: Academic press.

914 Mohamed, Y., Bastiaanssen, W.G.M., Savenije, H., 2004.&8patiability of
915 evaporation and moisture storage in the swamps of the upleestiiied by remote

916 sensing techniques. J. Hydrol. 289(1-4), 145-164.

917 Morand, P., Kodio, A., Andrew, N., Sinaba, F., LemoalleBéné, C., 2012.
918 Vulnerability and adaptation of African rural populations to hydmmate change:
919 experience from fishing communities in the Inner Niger Dé#tali). Clim. Change

920 115(3-4), 463-483.

921 Neal, J., Schumann, G., Bates, P., 2012. A subgrid channel fopdenulating river
922 hydraulics and floodplain inundation over large and data sparas.aiater Resour.

923 Res. 48(W11506).

924 Ogilvie, A., Mahé, G., Ward, J., Serpantié, G., Ler®al., Morand, P., Barbier, B.,
925 Diop, A.T., Caron, A., Namara, R., Kaczan, D., LukastawA., Paturel, J.-E.,
926 Liénou, G., Clanet, J.C., 2010. Water, agriculture and povetheiliger River

927 basin. Water Int. 35(5), 594-622.

46



928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

Olivry, J., 1995. Fonctionnement hydrologique de la Cuvette LacdstNiger et
essai de modélisation de I'inondation du Delta intérieur. GrBadsin Fluviaux,

Paris, 22-24 novembre 1993, pp. 267-280.

Pedinotti, V., Boone, A., Decharme, B., Crétaux, J.F., hdod, N., Panthou, G.,
Papa, F., Tanimoun, B.A., 2012. Evaluation of the ISBA-TRIRtiaental hydrologic
system over the Niger basin using in situ and satelliigete datasets. Hydrol. Earth

Syst. Sci. 16(6), 1745-1773.

Prigent, C., Matthews, E., Aires, F., Rossow, W.B., 2B8&Inote sensing of global
wetland dynamics with multiple satellite data sets. GeopRgs. Lett. 28(24), 4631—

463.

Qi, S., Brown, D.G., Tian, Q., Jiang, L., Zhao, T., Berge.M., 2009. Inundation
Extent and Flood Frequency Mapping Using LANDSAT Imagery and@igi

Elevation Models. GIScience & Remote Sensing, 46(1), 101-127.

Rouse,J., Haas, J.A., Schell, J.A., Deering, D.W., 18I6Bitoring vegetation
systems in the Great Plains with ERTS. Proceedings 3fGEI:ymposium. NASA

SP353, Washington DC, USA, pp. 309-317.

Roy, D.P., Borak, J.S., Devadiga, S., Wolfe, R.E., Zh&hgDescloitres, J., 2002.
The MODIS Land product quality assessment approach. RemoteEBwiren. 83(1-

2), 62—76.

47



947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

Roy, G., Paquier, A., Belaud, G., Baume, J., 2012. Buildiadgdamodel for the
floods in the inner delta of Niger River. In: Murillo Munoz, (Bd.), River Flow

2012. CRC Press, pp. 1057-1064.

Sakamoto, T., Van Nguyen, N., Kotera, A., Ohno, H., Ishasdk, Yokozawa, M.,
2007. Detecting temporal changes in the extent of annual floodihon e
Cambodia and the Vietnamese Mekong Delta from MODIS timessanagery.

Remote Sens. Environ. 109(3), 295-313.

Seiler, R., Schmidt, J., Diallo, O., Csaplovics, BQ2 Flood monitoring in a semi-
arid environment using spatially high resolution radar and omtatal J. Environ.

Manage., 90(7), 2121-9.

SOGREAH, 1985. Modéle mathématique du fleuve Niger. Etudeldétdes étiages
entre Sélengué (Mali) et Niamey (Niger). Annexe 10. Autahitd3assin du Niger,

Niger.

Soti, V.; Puech, C., Lo Seen, D., Bertran, A., Vignollés Mondet, B., Dessay, N.,
Tran, A:, 2010. The potential for remote sensing and hydrologic tragtl assess
the spatio-temporal dynamics of ponds in the Ferlo Region (88nElgdrol. Earth

Syst. Sci. 14(8).

Toya, J., Pietroniro, A., Martz, L.W., Prowse, T.D., 20@2nulti-sensor approach to

wetland flood monitoring. Hydrol. Processes 16(8), 1569-1581.

Tukey, J., 1977. Exploratory data analysis. Reading, Addison-Wéstading, MA

48



967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

Weedon, G.P., Gomes, S., Viterbo, P., Shuttleworth, Wyth BE., Osterle, H.,
Adam, J.C., Bellouin, N., Boucher, O., Best, M., 2011. @eaf the WATCH
forcing data and its use to assess Global and Regional Refgteop Evaporation

over land during the Twentieth Century. J. Hydrometeorol. 12(5),8%3

Wolski, P., Murray-Hudson, M., 2008. An investigation of permaaenttransient
changes in flood distribution and outflows in the Okavango Deltasv&ota. Phys.

Chem. Earth 33(1-2), 157-164.

Xiao, X., Boles, S., Liu, J., Zhuang, D., Frolking, S.,Ci, Salas, W., Moore, B.,
2005. Mapping paddy rice agriculture in southern China using multi-tenig@®DIS

images. Remote Sens. Environ. 95(4), 480—-492.

Xu, H., 2006. Modification of normalised difference water m@&DWI) to enhance
open water features.in remotely sensed imagery. Int.\dofRReSens. 27(14), 3025—

3033.

Yésou, H., Li,J., Daillet, S., Lai, X., Bergé-Nguy&h, Chen, X., Huang, S.,
Crétaux, J.-F., Huber, C., Marie, T., Li, J., AndréRli, Uribe, C., 2009. Large inland
lakes monitoring exploiting conjointly ENVISAT low and medium resioh image
time series and altimetric data: case of Poyand and Dorglieg (P.R. China) from
2000 to 2008 within DRAGON project. Earth observation and thenegtle, 18-20

November 2009. Frascati, Italy, pp. 11.

49



986

987

988

989

990

9901

Zwarts, L., 2010. Vers une nouvelle extension de I'outil OPIDANenburg &

Wymenga ecological consultants, A&W rapport 1528, FeanwéldeR4pp.

Zwarts, L., Van Beukering, P., Kone, B., Wymenga, E., 2008.Niger, a lifeline.
Effective water management in the Upper Niger BasidARLelystad / Wetlands
International, Sévaré / Institute for Environmental studslf, Amsterdam / A&W

ecological consultants, Veenwouden. Mali / the Netherland<,69.

50



Highlights

e Semi-automated method to monitor floods over 10 years using 8-day 500 m MODIS
images

e Combined MNDWI-NDMI index most suited out of 6 band ratio indices to detect
floods

e Flood dynamics coherent with field data in river, lakes, floodplain‘and irrigated plots

e Correlations between total flooded area and flows refined accounting for hysteresis

e Benefits to hydrology and agricultural water management are illustrated



Figure captions

Fig. 1. Full colour composite MODIS image of the Niger Inner Delta with the principal sites mentioned

in the paper

(B&W in print, colour for web)

Fig. 2. Mean cloud interference over the Niger Inner Delta on MODIS 8 day images over 2000-2011

Fig. 3. Confusion matrices between Landsat k-means classified-images and 6 band ratio indices for

varying threshold values

Fig. 4. Flooded surface area in the Niger Inner Delta and Mopti stage values over the period 2000-

2011

Fig. 5. Relationship between Mopti maximum monthly flows (October) and peak flooded areas

Fig. 6. Relationship between the 8 day stage value at Mopti and corresponding flooded area across

the NID as the flood rises and recedes for 4 floods of varying amplitude

Fig. 7. Relationship between 8 day stage values at Mopti and total flooded areas as the flood declines

according to the amplitude of the flood peak in October. 5 floods of varying amplitude are

represented

Fig. 8. Monthly progression of the flood in the Niger Inner Delta over the 2008-2009 hydrological year



Fig. 9. Duration of the flood in the Niger Inner Delta between August 2008 and April 2009

Fig. 10. Comparison between stage levels measured in situ and remotely sensed flooded surface

areas for (clockwise from top left): a) Diré, main river channel, b) Diondiori, floodplain, c) Mopti

irrigated rice plot (Casier Mopti Sud Tibo) and d) Lake Oro, situated on Fig. 1

Fig. 11. Correlations between stage levels measured in situ and remotely sensed flooded surface area

for a) Mopti, main river channel over 2000-2010 and b) Diondiori, floodplain 2008-2009

Fig. 12. Surface area flooded according to the number of daysin 2008-2009

Fig. 13. Maximum flooded area at the end of October 2008 (20 000 km?) and in October 2011 (11 690

km?)

Fig. 14. Flood duration curves for 2001-2011 in the Kakagnan floodplain of the Niger Inner Delta

Fig. 15. Potential evapotranspiration and actual evaporation values from NID flooded areas in 2008-

2009

(B&W in print, colour for web)

Fig. 16. Evaporation over the NID wetland in 2008-2009

Fig. 17. Correlation between water balance terms and the annual peak flooded area over 2001 —

2010
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Diondiori floodplain - MODIS estimated
flooded area (km?)
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NID - area flooded (km?) for x
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