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Abstract

The Tana River Delta (TRD) provides a multitude of ecosystem services for the local
communities including fishing, farming and livestock keeping. The hydrological regime
of its river determines for a large part the environmental health of the delta. The devel-
opment of upstream irrigation schemes and hydroelectric infrastructure can seriously
impact the ecological status of the TRD. The Tana Inundation Model (TIM) presented
here is the first known hydrological model of the TRD. Using it, we quantify essential
hydrological variables of ecological importance for 2002—2011 such as flood extent and
duration, flood timing and frequency, flood peaks and water height. TIM also provides
an annual water balance. The model simulates river inflows and outflows, precipitation,
overland flow, evapotranspiration and infiltration. The TRD is characterized by scarce
hydrological data and a high cloud cover limiting the use of many remote sensing tech-
niques. The methodology therefore combined a conventional water-balance analysis
with the extraction of inundation extents from MODIS satellite imagery at a medium
spatial and temporal resolution. In non extreme years and for the actual configura-
tion of the Tana River, the flooded area exceeds 560 km?. Floods over 200 km? occur
approximately every two years, with a mean duration of less than 25 days. River dis-
charge from the upper catchment counts for over 96 % of the total water inflow. This
study provides the first known estimates of these variables for the Tana River Delta and
is therefore primordial for the management of the water and other natural resources of
the zone. The hydrological model based on the Generalized Likelihood Uncertainty
Estimation (GLUE) is generic enough to be applied to other catchments with scarce
hydrological data.

1 Introduction

Wetlands are amongst the most threatened ecosystems worldwide (Vitousek et al.,
1997). With rivers, their global coverage of the Earth’s surface is over 4 % (Prigent
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et al., 2001). It is rapidly declining with an estimated overall loss in the global average
maximum inundated area of 6 % from 1993 to 2007 (Prigent et al., 2012). As a strate-
gic global resource, these systems need to be preserved and restored (Tockner and
Stanford, 2002). Indeed, wetlands are increasingly recognized as ecosystems essen-
tial to human activities (Mitsch and Gosselink, 2000) as they provide a wide range of
ecosystem services (Daily, 1997; Millennium Ecosystem Assessment, 2005), including
food supply, basic material provisioning, water supply and purification, ground-water
recharge, climate regulation, coastal protection, carbon sequestration, biodiversity con-
servation and tourism. The hydrological processes of the adjacent river (Mitsch and
Gosselink, 2000), in particular, flood extent, timing, frequency, duration, flood peaks
and water height, largely determine the physical, chemical and biological properties
of wetlands. Modifications in up-stream land use, development projects such as hy-
dropower dams, and increased water withdrawal, in conjunction with climate change,
are strongly impacting downstream wetlands and their users. For example, the inun-
dated area of the Hadejia-Jama’are floodplain in Nigeria decreased since the 1960s
and 1970s by 60 to 76 % as a result of hydrological changes (Barbier and Thompson,
1998) and 88 % of the seasonal wetlands with low moisture of the Choke Mountain
Range, in Ethiopia, were converted to cultivated land between 1986 and 2005 (Teferi
et al.,, 2010). Dam construction has altered other large wetlands throughout Africa:
the Senegal River Delta wetlands in Mauritania (Duvail and Hamerlynck, 2003) and in
Senegal (Lamagat et al., 1996; Bader et al., 2003), the Inner Delta of the Niger River in
Mali, the Waza Logone in Cameroon (Loth, 2004), the Medjerda River in North Africa
(Zahar et al., 2008), the Tana River in Kenya (Maingi and Marsh, 2002); and others are
threatened such as the Okavango Delta in Botswana (Milzow et al., 2009), the Rufiji
Delta (Duvail and Hamerlynck, 2007) and the Omo River Delta in Kenya and Ethiopia.
The link between the inundation dynamics and the health of the adjacent ecosystems
is often mentioned (Zeilhofer and Schessl, 2000; Toogood et al., 2008; Merritt et al.,
2010). Many studies have focused on quantifying the processes involved, describing
their dynamics and establishing relationships with the riparian ecosystems’ status (for
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a literature review, see Merritt et al., 2010 and Poff and Zimmerman, 2010). However,
as relationships between flow alteration and ecological responses are often dependent
on the type of alteration, ecosystem and location, no general and rapidly transferable
relations exist (Poff and Zimmerman, 2010). Our objectives were to: (1) construct a par-
simonious hydrological model using satellite imagery, (2) quantify the major hydrologi-
cal processes that occur in the Tana River Delta (TRD) and (3) establish a relationship
between the inundation extent and the hydrograph of the Tana River. More specifically,
we describe the inundation extent, timing, frequency, duration, flood peaks and wa-
ter height in the TRD as a function of river discharge 250 km upstream. A yearly water
balance as well as a description of the major hydrological processes, along with the un-
certainties relative to the calibration procedure, are also provided. The Tana Inundation
Model (TIM) was constructed as a tool to analyse the possible past and future impacts
of upstream dams on the inundation characteristics of the TRD. It can be used to model
short to medium term trends in ecological responses to changing hydrological condi-
tions. Finally, by presenting an inundation model based on remote sensing images and
the Generalized Likelihood Uncertainty Estimation (GLUE) (Beven and Binley, 1992)
and applied to the TRD, this paper contributes to the growing literature on the use of
hydrological modeling for prediction in ungauged basins (Sivapalan et al., 2003).

2 Hydrological modeling and the use of remote sensing techniques in poorly
gauged basins

2.1 Hydrological modeling: concepts and approaches

Important environmental questions need to be addressed that require hydrological
data. Yet, a vast majority of catchments worldwide lack long-term and reliable hydrolog-
ical and climatic data. With the further disappearance of measuring stations in the last
30yr (Fekete and Vorosmarty, 2007), hydrologists need to find new ways to calibrate
and validate their models. In the last decades, many satellites have been launched
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to monitor environmental variables. This gives a new perspective for researchers who
can then integrate remotely sensed spatial information into the modeling procedures.
However, there are no standard methods to do so as the choice of the model and re-
mote sensing (RS) data depends on the objectives of the study, the spatial extent of
the studied zone, the available hydrological, topographic, soil and climatic data and
on the climatic conditions (such as cloud cover). In some well studied basins, several
models using different RS techniques have been developed (such as the Okavango
Delta, Botswana: Bauer et al., 2006; Hughes et al., 2006; Wolski et al., 2006; Milzow
et al., 2009, 2011), but models are still nonexistent for most basins. Many hydrological
models and concepts have been applied to wetlands, going from conceptual models,
through lumped, semi-distributed to distributed models. The approaches used differ in
their physical basis, complexity and data requirements and the choice to use a spe-
cific one depends on the objectives of the study. Although conceptual lumped models
lack specific spatial representation, they are usually less data-demanding and require
few and (often) easily identifiable parameters. These kind of models have been applied
to many wetlands worldwide such as the Okavango Delta in Botswana (Wolski et al.,
2006) or the Inner Delta of the Niger River in Mali (Mahe et al., 2011). Despite their
simplicity, they are useful to determine important hydrological processes and are easy
to transfer to decision makers for management purposes. The TRD in Kenya, with its
large wetlands, upstream dams and scarce data constitutes an ideal ground to test
our ability to provide information through hydrological models and RS techniques in
a poorly gauged basin. For the above reasons, a water-balance model is used in this
study, where water storage is modeled using a unique reservoir. The model is calibrated
using the GLUE methodology with remote-sensing data and field data.
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2.2 The role of remote sensing in hydrological modeling of flood extents
2.2.1 Choice of satellite imagery

The use of remote sensing data facilitates the study of water bodies in remote and dif-
ficult to access areas. In recent years, different remote sensing techniques have been
used to detect water bodies and their characteristics (water extent, height, variabil-
ity, vegetation cover, sediment load, etc.). Synthetic Aperture Radar imagery is very
popular because of its high spatial resolution and its capacity of mapping water under
thick vegetation. However, the radar signals change continuously due to wind induced-
waves, especially in the C-band, limiting the use of this band for water detection (Alsdorf
et al., 2007). L-band data are limited by their low orbital repeat cycles, cost and limited
archives. Passive microwave data have been used to detect flooded surfaces (Sippel
et al., 1998; Ticehurst et al., 2009), but are limited by low spatial resolution. Thermal
satellite data have been used to map inundated areas (Leblanc et al., 2011) but to our
knowledge at an inadequate monthly time-scale to characterize rapidly changing in-
undation extents. An alternative solution is the use of passive optical/infrared sensors
on board the Landsat, Moderate-Resolution Imagery Spectroradiometer (MODIS) and
SPOT satellites.

The MODIS instruments on-board the Terra and Aqua satellites have been provid-
ing daily data for 36 spectral bands between 0.405 and 14.385um at a 250 m to 1 km
resolution since 2000 and 2002, respectively. They have been used to successfully
map flooded areas, inundation patterns, water levels (Ordoyne and Friedl, 2008), sea-
sonality of lake systems (Feng et al., 2012), the extent of annual flooding (Sakamoto
et al., 2007), wetland mapping and inundation maps (Ticehurst et al., 2009; Islam et al.,
2010). Despite the moderate resolution, their long-term data and frequent overpass
make them a good tool to monitor large to medium size wetland complexes. Like other
optical sensors, MODIS images are subject to cloud cover, limiting their use during peri-
ods with cloudy skies. However, certain level-3 products provide high-quality aggregate
images such as the MYDO9A1 product. The latter is a 500-m resolution image where
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each pixel contains the best possible observation during an 8-day period, corrected for
atmospheric gases and aerosols. Two bands also describe the quality of each pixel
and the state of the surface reflectance data regarding aerosols, presence of clouds
or cloud shadow and other variables, so that masking poor quality pixels is possible.
In regard of the advantages cited here, and of their rapid and free-of-cost availability,
we decided to use the MODIS MYDO09A1 product to obtain a time-series of inundation
maps in the TRD.

2.2.2 Choice of index

Differences in the spectral signature of land and water covers are used to distinguish
water bodies from other surfaces. Many Water Indices have been developed using dif-
ferent spectral bands and different satellite data (Gao, 1996; McFeeters, 1996; Rogers
and Kearney, 2004; Xu, 2006). However, they don’t always distinguish between flooded
and non-flooded vegetation. A major characteristic of the TRD is the frequent presence
of a dense and low flooded vegetation covering the water. Oliesak (2008) used the
Modified Normalized Difference Water Index (Xu, 2006) to map the open water bodies
in the Inner Niger Delta and the Normalized Difference Water Index of Gao (NDWIg,,)
(Gao, 1996) to include the vegetated water. Despite large differences in spatial extent
between the Inner Niger Delta and the TRD, some main characteristics of the wetlands
(flooded vegetation of Echinochloa stagnina (Retz) P. Beauv) are identical. Following
this approach, the NDWIg,, mo—5 index (MODIS spectral bands two and five) was se-
lected to determine inundation extent.

3 The Tana River Delta, Kenya: a wetland, scarce data and important questions

3.1 Context: the socio-economic and environmental situation

With a total surface of over 95000 km? (International Livestock Research Institute,
2012), the Tana River catchment (Fig. 1) is one of the largest in Kenya. The Tana
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River Delta itself is an area of approximately 1300 km? and roughly extends between
the main towns of Garsen, Malindi and Lamu. It is home to over 100 000 inhabitants
(Kenya Population Census, 2009), essentially from the Pokomo, Orma, Somali, Wardei
and Wata communities. The delta provides a whole range of natural resources for
the local communities who mainly rely on agricultural production, fishing and livestock
keeping (Leauthaud, 2009; Duvail et al., 2012; Leauthaud et al., 2012) for subsistence.
Despite the high productive potential of the wetlands, the region is among the poorest
in Kenya and its 2009 indicators of human well-being (United Nations Development
Programme, 2010) are extremely low. To aggravate the situation, in recent years, many
biofuel and large irrigation schemes have been initiated in the zone, which will de-
prive the local communities of essential land and water resources (Duvalil et al., 2012).
Alongside the economical and human value of the TRD, its complex landscape mosaic
has an exceptional biodiversity value (Hamerlynck et al., 2012).

3.2 The Tana River in its lower catchment

The Tana is the largest river in Kenya, and flows over nearly 1000 km from Mount Kenya
and the Aberdare Mountains to the Indian Ocean. Its flowing pattern is bi-modal, with
peak flows during the long and short rainy seasons. The mid and lower catchment of
the Tana River are semi-arid and essentially used for livestock keeping, except along
the river borders where subsistence farming is practiced. In this semi-arid environment,
the Tana River (Fig. 1) is the main water resource for its inhabitants (Emerton, 2003;
Terer et al., 2004; Leauthaud et al., 2012). It is also used for hydroelectric production.
Over the past fifty years, five major reservoirs (Fig. 1) have been built in the upper
basin which have significantly modified the hydrological regime of the river, with a 20 %
decrease of the peak flow in May (Maingi and Marsh, 2002). Other projects, in particular
those of the Grand Falls Dam, could have greater impacts on the flooding processes
downstream in a near future.
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Although the river between Garissa and Garsen drains nearly 42 000 km? (Interna-
tional Livestock Research Institute, 2012), only temporary rivers flow into it within this
stretch such as Laga Tula, the Laga Galole and the Laga Tiva. Maingi and Marsh (2002)
consider that flood propagation and losses due to evaporation are the major hydrologi-
cal processes that occur within this stretch. Indeed, floodplains spread out all along the
river and can cause significant evaporation and water loss due to overflow. However,
recent studies for the construction of the Grand Falls Dam suggest that the temporary
rivers could convey important amounts of water. Water abstraction at the Bura irriga-
tion scheme and the 16 800 ha (Duvalil et al., 2012) Tana Delta Irrigation Project (TDIP)
could also modify river discharge. However, with a hypothetical water requirement of
21s”"ha™" and a cultivated surface of 4000 ha, they would not alter significantly to Tana
River discharge during peak flows.

3.3 Climate and pedological characteristics

Precipitation is highly variable throughout the mid and lower catchment. It increases
from 373 £ 202 mm (mean and standard deviation) in Garissa (1962—2008, data from
the Kenya Meteorological Department, Kenya. Years with over one month missing data
were excluded) to 530 £202mm in Garsen (1972-1986) then to 1098 £ 306 mm in
Malindi (1962—2008) (Fig. 1). The rainfall pattern is bi-modal, with two rainy seasons
extending from April to June and from November to December which correspond to the
inundation periods for the Tana River in natural conditions. The relative timing of the
precipitation in the TRD and the flooding events is very variable, but precipitation would
usually occur before the flood events. To our knowledge, precipitation does not induce
the floods itself but would rather acts as a “wetting” event before the arrival of the flood
wave. This is significant for the local ecosystems as it initiates growth before the arrival
of the floods. Surface runoff from outside the floodplains is probably limited, except
in high rainfall years, when the temporary rivers draining the surrounding terraces are
activated. Mean temperature in the delta (1998-2009, from the Tana Delta Irrigation
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Project measurements, TDIP, 2°316'22.07" S, 40°11'00.55" E) is of 28 °C, with a mean
maximum and minimum of respectively 31 °C in March and 26 °C in July.

The soils of the Tana River Delta are developed on recent alluvial deposits from the
river. The main soil types encountered are deep, well drained, dark brown and cracking
vertisols and fluvisols (Kenya Soil Survey,1984a, b). Here and there, small island-like
shaped sand dunes form slightly higher grounds where woodlands and forests are es-
tablished. The interaction between surface water and groundwater remains unclear.
The clayey nature of the TRD soils probably limits the infiltration of water in the flood-
plains during inundation events once the soil is swollen and the cracks reduced. How-
ever, the inundations still recharge the groundwater, as testified by the village wells that
fill up or empty according to the inundation events. Compared to the water brought by
the Tana River, regional groundwater flows to the delta are probably insignificant due to
low precipitation in the surrounding semi-arid zones and to a low regional topographic
gradient.

4 Hydrological and remote sensing data for the Tana River Delta
4.1 Pre-analysis of the available hydrological data

To monitor the Tana River, three gauging stations were historically available in the
Lower Tana and maintained by the Water Resource Management Authority (WRMA),
located respectively at Garissa (0°27'49.19" S, 39°38'11.77" E), Hola (1°30°'00.00" S,
40°02'00.17" E) and Garsen (2°16'09.36" S, 40°07'16.32" E) (Fig. 1). Of the studied
portion of the Tana River, the gauging station of Garissa (code: RGS 4G01), approx-
imately 250 km upstream of the TRD, is the only remaining long-term station (1941—
current). As its chronic was incomplete, missing data were completed for the Tana Inun-
dation Model (TIM) by linear interpolation, except for two periods coinciding with a flood
event (5 May 2003—-31 October 2003 and 31 March 2005—4 August 2005) for which
this method is inappropriate. The historical discharge records at Hola (1949-1988)
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and Garsen (1951-1998, code: RGS 4G02) are extremely lacunary. As the data from
the Hola station prior to 1972 presented an abnormal increase through time possi-
bly explained by a change in the rating curve for this station, the Hola discharge data
were excluded from the study. There seemed to be no anomalous tendency in the
Garissa and Garsen time-series. In 2010, WRMA, in conjunction with our research
project, re-installed a stage board at the Idshowe bridge near Garsen (2°17'19.30" S,
40°07'35.74" E) and a rating curve is under construction.

The original discharge datasets used in this study were obtained from WRMA in
Nairobi and Garissa. Maximum peak discharges in Garissa were 1622 m3s™" in 1941
then 1585m°s~" in 1961. Floods are largely attenuated and smoothed out between
the two stations (Fig. 2), with a loss in total transiting volume (Table 1) probably due to
strong evaporation within the floodplains. To calculate water gain or loss between the
two stations and the mean total volume of water flow, the year was divided into two
hydrological seasons starting from 1 March and the 1 September which correspond
to the mid-dry seasons and therefore to the low water seasons. To avoid erroneous
results, seasons with more than 20 % of missing data were excluded (10 seasons for
Garissa for 1941-2009; 60 for Garsen for 1951-1998). The remaining missing data,
respectively 2.3 % (542 days) and 6.0 % (397 days) for Garissa and Garsen (for the
previously mentioned dates), were filled in by linear interpolation. Mean volume ratio
of water transiting from Garissa to Garsen was of 0.76 + 0.28 for the available floods
(Table 1): the volume of transiting water decreases from Garissa to Garsen. These
preliminary results support the idea that the major processes to take into account to
reconstruct the recent discharge data at the TRD inlet are the flood propagation within
the main channel then the overflowing into the floodplains and consequent loss of water
between Garissa and Garsen.
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4.2 Reconstitution of the river discharge at the TRD input through a non-linear
routing model

Discharge measurements at the delta inlet were reconstituted using a flood routing
model (Lamagat et al., 1993). The latter is adapted to large rivers with overflow and has
been applied to many African rivers including the Niger and Gambia Rivers (Lamagat
et al., 1993; Belaud et al., 2010). The approach relies on a theoretical analysis of the
diffusive wave equation (Lamagat et al., 1993) and takes into account varying propaga-
tion trends in low and high flow regimes. It establishes two empirical relationships from
a calibration period between the water-levels or discharges at two stations (Q4 and @Q,)
and between the upstream station and a delay time 7. The method is particularly effi-
cient when a large number of floods are available for calibration (Belaud et al., 2010).
To do so, the upstream and downstream hydrographs are divided into N elementary
intervals then a linear regression is carried out between the two stations for different
delay times 7 and for each interval. The delay time that minimizes the quadratic error

function defined as RMSE = \/Zk %(Og . — @5 ,)? is chosen (where n is the number of

observations per interval and Q° and Q° are the observed and simulated water level
or discharge at the second station), thus maximizing the correlation between @, and
Q.. In this study, a 10-day moving average of the Garissa discharge was used as the
input for the flood propagation model. The number of intervals N was set to the typical
value of 20 (Belaud et al., 2010). Calibration was undertaken with observations from
01 December 1986 to 29 June 1991. A back-and-forth method was used to manually
correct and smooth out the obtained functions for them to have a monotonous behav-
ior. The daily discharge was then obtained by calculating the daily average discharge
from all the simulated points. Validation was carried out on the remaining data by visual
comparison of the observed and simulated hydrographs at Garsen and through the cal-
culation of the Nash-Sutcliffe coefficient (NS), the Absolute Mean Error (AME) and the
Mean Absolute Error (MAE) as defined by Dawson Dawson et al. (2007) (Table 4) for
the available observed and simulated data from 1963 to 1998.
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The discharge at Garsen (Q,) and time delay (T), obtained through the non-linear
propagation model, are defined in the Egs. (1) and (2), where @, is the discharge at
Garissa:

Q4 €10,320],
Q,(f) = —0.0014-Q3(t - T) +0.9557 - Q4(t - T)
Q4 > 320,
Q,(t) = 0.04692-Q;(t - T) + 145.69 (1)
Q4 €[0,36],
T=5
Q, €[36,78],
T =0.0033-Q7 - 0.3715-Q, + 14.256
Q,>78,
T = 3.5588-In(Q;) — 10.085 2

The resulting curves are typical of an overflowing river with a very low slope. Down-
stream discharge increases with the upstream discharge and the water line has a slope
different from the river floor. At high discharges, the rate of change decreases due to
overflowing into the floodplains and the consequent evapotranspiration. The time-delay
first decreases then increases as the water overflows into the large floodplains. Accord-
ing to the model, a flood of 500 m>s~" will take approximately 12 days from Garissa to
reach Garsen. For the calibration period, NS was 0.89, AME of 74 m s~ and MAE of
10m3s™'. The latter were respectively of 0.87, 107 m3s™" and 12m3s™" for the whole
validation period. The model reproduces in a satisfactory manner the observed dis-
charges at the Garsen station. According to the model, the flood propagation processes
from Garissa to Garsen seem to have remained identical throughout the 1963—2011
period even though dams were constructed during this time in the upper part of the
river. The dams therefore would have modified the volume of transiting water but not
the propagation speed.
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4.3 Use of remote sensing data to extract discontinuous flood surfaces
4.3.1 Acquisition and pre-processing of the MYD09A1 data

The MYDO09A1 500 m, 8-day synthesis images covering the TRD (tile H22V09) from the
4 July 2002 to the 19 December 2011 were downloaded from the NASA website (434
images). In a first phase, they were processed using the LDOPE software tool (MODIS
Land quality assessment group: Roy et al., 2002) to mask the pixels with a high cloud
cover or aerosols. To do so, the surface reflectance state quality layer was used: pix-
els where aerosol quantity was low or average and the MOD35 cloud cover was clear
were kept while all the others were masked. Bands 1—7 were processed, correspond-
ing to the visual, near and mid infra-red bands. The images were then reprojected
into geographical coordinates, subset to the studied area (upper left corner: 2°6'0” S,
39°59'56.4" E, lower right corner: 2°6'0” S, 39°59'56.4" E) and transformed into geo-
tiffs using the HDF-EOS To GeoTIFF Conversion Tool (HEG v2.11, EOS, 2012). In
a second phase, a geographical mask was applied to limit the study area to the Tana
River floodplains. This mask was constructed manually through visual interpretation of
the 90 m Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM) and
only includes the TRD floodplains and surrounding areas. This mask roughly follows
the Menijila-Lamu road to the north, the eastern and western terraces and the southern
coastal forest and sand dunes (Fig. 1). The river mouth and the surrounding mangroves
were excluded so that the regular flooding of these zones by the ocean tides was not
considered.

4.3.2 NDMI threshold determination, selection of images and uncertainty
estimation

To determine the threshold at which flooded and non flooded pixels were best identified,
three MYDO0O9A1 images were compared to ground truthing points acquired during ex-
tensive field trips in the TRD. A total of 1398 field points where the surrounding 500 m
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0
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by 500 m area was either flooded or dry were acquired during 2 flood events (May
2010 and December 2011 when respectively 254 and 211 flooded and 253 and 270
dry points were acquired) and one rainy season where no floods occurred (May 2009,
with 410 dry points). The NDWIg,, o5 for each pixel was calculated as the ratio of the

spectral bands 2 (B,) and 5 (Bs): g;;g; . To determine the NDWIlg yo_s index threshold
that best differentiated flooded and dry pixels, the percent of correctly classified image
pixels was calculated at different NDWIg,, \yio—5 Values (Table 5). An upper and lower
uncertainty range were also calculated to take into account the error in determining the
threshold value and the cloud cover by calculating the number of non-flooded pixels
wrongly classified as flooded and the number of flooded pixels wrongly classified as
non flooded. The upper uncertainty range was then increased to include the clouded

pixels.

5 A water-balance model of the Tana River Delta: the Tana Inundation Model
(TIM)

5.1 Data constraints for hydrological modeling and applied approach

The hydrological data available (Table 2) was used to construct a unique reservoir
model calibrated with the MODIS satellite imagery (Fig. 3). To do so, a four-step ap-
proach was used:

1. A sub-set of the MYDO09A1 images acquired by the MODIS satellite Aqua were
used to extract a discontinuous time-series of flood surfaces. In parallel, a spatial
representation of the inundated zones was obtained alongside the frequency of
floods corrected for cloud cover.

2. A water balance model (TIM), using simplified assumptions about the geometry
of the delta and the discharge curve at the outlet, was then constructed.
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3. The model was calibrated and validated through the GLUE methodology (Beven
and Binley, 1992) by comparing it to the extracted satellite data. To do so, two
cost functions are defined: the Modified Nash-Sutcliffe coefficient (MNS) and the
Global Modified Nash-Sutcliffe coefficient (GMNS).

4. The temporal dynamics of inundation in the Tana River Delta throughout the past
decade were obtained with an estimation of the water height, flood extent and du-
ration, frequency and a yearly water balance were also computed. The compari-
son of the calculated flood frequency with the estimation of flood frequency using
the MODIS imagery was a further validation of the hydrological model (Fig. 8).

5.2 Step 1: extraction of discontinuous flood surfaces, construction of a flood
map and calculation of the frequency of floods using MYD09A1 images

The MODIS imagery set was used in three ways. Firstly, images presenting less than
10 % cloud cover for all seven bands (76 in total) were selected to obtain a discontin-
uous time-series of flooded surfaces in order to calibrate and validate the hydrological
model. This set was well-distributed during the rainy and dry seasons, so that images
were available during the flooded periods. For each non masked pixel within the geo-
graphical mask, the NDWIg,, vo_5 Was calculated and the pixels with a NDWlg 4 po-s
value higher than the threshold value were considered as flooded. Secondly, the whole
dataset of available MYD09A1 images was used to calculate the inundation frequency
of each pixel for 2002—2011. The frequency of floods for each pixel was calculated as:

_F
- Ny -M,;

fi 3)
where f; is the flooded frequency for pixel /, F; the number of times the pixel was
flooded, Nt the total number of images available and M; the number of times the pixel
was masked at band 2 and band 5. A map of spatial frequency of floods was then
constructed.
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