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Abstract. Wetlands, such as those of the Tana River Deltawhich information on its internal properties and processes
in Kenya, are vital but threatened ecosystems. The floodings limited. The methodology, a combination of hydrological
characteristics of wetlands largely determine their physicalmodelling and flood mapping using MODIS products, should
chemical and biological properties, so their quantification isbe applicable to other areas, including those for which data
crucial for wetland management. This quantification can beare scarce and cloud cover may be high, and where a medium
achieved through hydrological modelling. In addition, the spatial resolution is required.
analysis of satellite imagery provides essential hydrological
data to monitor floods in poorly gauged zones.
The objective of this study was to quantify the main wa-
ter fluxes and flooding characteristics (extent, duration andl Introduction
number of floods) in the poorly gauged Tana River Delta
in East Africa during 2002—-2011. To do so, we constructed'Vetlands are increasingly recognized as ecosystems that are
a lumped hydrological model (the Tana Inundation Model, €ssential to human activitie{tsch and Gosselink2000
TIM) that was calibrated and validated with MODIS data. Pecause they provide a wide range of ecosystem services
Further analysis of the MYD0O9A1 500 m composite prod- (Daily, 1997 Millennium Ecosystem Assessmerz003.
uct provided a map of the empirical probability of flooded However, they are amongst the most threatened ecosystems
state. In non-extreme years and for the current topology ofvorldwide (Vitousek et al. 1997). Their extent is rapidly
the delta, the flood extent exceeded 30Gkimloods over declining, with an estimated decrease in the global average
200 kn? occurred on average once a year, with a mean durataximum inundated area of 6 % from 1993 to 20B7ident
tion of 18 days. River discharge from the upper basin countedt al, 2012.
for over 95 % of the total water inflow. The results are dis- Modifications in up-stream land use, hydro-electric infras-
cussed in the light of possible improvements of the modelstructure, and increased water withdrawal, in conjunction with
and wetland management issues. climate change, are considered to be the main factors mod-
This study provides the first known quantification of spa- ifying the flooding characteristics of wetlands. In particu-
tial and temporal flooding characteristics in the Tana Riverlar, dam construction has altered many wetlands throughout
Delta. As such, it is essential for the water and natural re-Africa, such as those of the Senegal River Delta in Maurita-
source management of the Tana River basin. The water baPia (Duvail and Hamerlynck2003 and in Senegaliamagat

ance approach was pertinent to the study of this system, fopt al, 1996 Bader et al. 2003, the Inner Delta of the
Niger River in Mali, the Waza Logone in Camerodroth,
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2009, the Medjerda River in North AfricaZ@har et al. The MODIS instruments on-board the Terra and Aqua
2008, the Tana River in KenyaMaingi and Marsh2002 satellites have been providing daily data for 36 spectral bands
and the Hadejia-Jama’are floodplains in NigeBaibier and  between 0.405 and 14.385 um at a 250 m to 1 km resolution
Thompson 1998, while many others are threatened such assince 2000 and 2002, respectively. They have been used to
the Okavango Delta in Botswankli{zow et al, 2009 and  characterize water level®©¢doyne and FriedR008, the sea-
the Rufiji Delta Duvail and Hamerlynck2007). sonality of lake systemg-éng et al.2012), the extent of an-
The flooding characteristics of wetlands, particularly the nual flooding Gakamoto et al.2007) and to map wetlands
flood extent, timing, frequency, duration and flood peaks,and flooding patternsT{cehurst et al. 2009 Islam et al,
largely determine the physical, chemical and biological prop-2010. MYDO09AL1 is a level-3 high-quality composite prod-
erties of wetlands\jitsch and Gosselink000. Their quan-  uct, with a 500 m resolution. Each pixel contains the best pos-
tification is therefore crucial for the management of wetlandssible observation during an 8-day period, corrected for atmo-
and can be achieved through hydrological modelling. spheric gases and aerosols, and is hence useful in zones sub-
Many types of flood models exist, ranging from lumped ject to high cloud cover. Furthermore, two bands describe the
to distributed models. They mainly differ in their physical quality of each pixel regarding aerosols and the presence of
basis, complexity and data requirements. Distributed modelglouds or cloud shadow so that masking poor quality pixels
are generally used when accurate data are available, whiles possible. Despite their moderate resolution, the long-term
conceptual models are better suited to poorly gauged sitedata collection and frequent overpasses make this product a
where data acquisition is difficult. good candidate for monitoring large- to medium-sized wet-
In recent years, there has been a rapid development dand complexes.
distributed models due to the proliferation of high-quality  The objective of this study was to quantify the main water
quantitative data (e.g. topography, remote-sensing imageryfjluxes and flooding characteristics in a poorly gauged East
and increasing computational powédunter et al. 2007). African wetland, the Tana River Delta (TRD). To do so, we
However, data, end-user and computational constraints alsconstructed a lumped hydrological model (the Tana Inunda-
need to be considereBéven and FreeR001). Furthermore, tion Model, TIM) that allowed us to determine the role of
hydro-dynamic modelling of river-floodplain systems must river fluxes in flooding events and the number of flood events
be undertaken with precaution in large and flat floodplains,from 2002 to 2011 and to characterize the extent and dura-
where small uncertainties in the water level can generatdion of these floods. Satellite data were used to calibrate and
large errors in the prediction of flood extents. validate the model, and to provide a spatial representation of
For these reasons, more parsimonious approaches usirtge flooded zones. The hydrological variables quantified in
simplified assumptions, have recently (re-)emerged in thehis study are relevant for the management of the wetlands.
scientific literature. In particular, lumped models combined After a description of the TRD, focusing in particular on its
with remote-sensing data have been used to characteriZeydrological characteristics, the MODIS satellite data are an-
flood extents in poorly gauged and poorly characterized wetalyzed, and the Tana Inundation Model is presented. Finally,
lands, such as the Okavango Delf#o(ski et al, 200§, and  the results are described in detail and then discussed in the
the Inner Delta of the Niger RiveMahe et al.2017). light of wetland management issues.
Remote sensing data can be used to detect water bod-
ies and their characteristics (water extent, level, vegetation ,
cover, sediment load, etc.) for calibration and validation of2 The Tana River Delta, Kenya
hydrological models. However, there are no standard meth-

ods to do so. Synthetic Aperture Radar imagery is very pop-2'1 Socio-economic and environmental context

ular because of its high spatial resolution (e.g. a pixel size ofra Tana River Delta (TRD, Fig) is located on the Kenyan

12.5m for ERS-1 PRI data) and its capacity to map water Un,,st hetween the towns of Garsen, Lamu and Malindi and

dert_hicl_< vegetation. However,_ the _radarsignals a_re_s_ensitiv%xtendS roughly over 1300 KmThe region is among the
to wind-induced waves, especially in the C-band, limiting the et in Kenya and its indicators of human well-being are
usefulness of this band for water detectidiistiorf et al, gy remely low United Nations Development Programme
2007). L-band data are limited by their low orbital repeat 541 The local population (over 100 000 inhabitants) is pre-
cycles, cost and limited archives. Passive microwave dat%lominantly from the Pokomo, Orma, Somali, Wardei and

hf':\ve been used to detect flood ex_ter_ﬁisppel et al, 1998_ Wata communities Republic of Kenya 2010, and they
Ticehurst et al.2009 but are also limited by a low spatial _mainly rely on farming, fishing and livestock-keeping activ-

resolution. Thermal satellite data have been used to map iNies for their subsistence_éauthaud 2009 Duvail et al
undated aread gblanc et al.2011), but to our knowledge, 5012 | eauthaud et a1.2013. In addition to the economi-
these data have an inadequate monthly timescale for charagz| 4nd human value of the TRD. its complex landscape mo-

terizing rapidly changing flood extents. An alternative solu- ¢4ic has an exceptional biodiversity valttamerlynck et al.
tion is the use of passive optical/infrared sensors on board thgom'

Landsat, Aqua, Terra or SPOT satellites.
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Fig. 1. (a) The Tana River basin and its main hydrological characteristics. The location of the precipitation and discharge data used for this
study are specified. The sub-basins before the Garissa and after the Garsen gauging stations are presented in dark and light grey, respective
(b) The Tana River Delta, its major channels, lakes, villages and roads.

Over the past fifty years, five major reservoirs have been Maingi and Marsh(2002 consider flood propagation
built in the upper basin that have significantly modified the and losses due to evaporation to be the major hydrological
hydrological regime of the river, with a 20 % decrease in theprocesses that occur within the semi-arid stretch between
peak flows of May faingi and Marsh2002. Other projects,  Garissa and Garsen. This consideration is supported by three
particularly those of the Grand Falls Dam, could further im- facts:
pact the downstream flooding processes in the near future. In
recent years, many biofuel and large irrigation schemes have
also been initiated that will deprive the local communities of
essential land and water resourcBsiail et al, 2012). It is
therefore important to quantify current river water resources
within the delta.

1. a rapid analysis of river discharges at Garissa and
Garsen shows that peak discharge rates are largely at-
tenuated and smoothed out between the two stations
(Fig. 2), with an average decrease in transiting volume
of 76 % (Tablel);

2. only seasonal rivers, such as Laga Tula, the Laga Galole

2.2 Basin ch_aracteristi(_:s and data constraints for and the Laga Tiva, flow into the Tana River within this
hydrological modelling stretch:

The Tana is the largest river in Kenya and flows over negrly 3. with a hypothetical water requirement of 2tha !
1000km from Mount Kenya and the Aberdare Mountains  and a cultivated area of 4000 ha, water abstraction at
to the Indian Ocean. Its flowing pattern is bi-modal, with the Bura and TDIP irrigation schemes would not signif-
peak flows occurring during the long and short rainy sea- jcantly alter the Tana River discharge during peak flows
sons. Long-term discharge data were available at three lo-  and hence the flooding characteristics in the TRD.
cations within the Lower Tana Catchment. The closest long- .

term and active gauging station is at Gariss2@49.19'S, ~ |he precipitation decrtlaases from the coast at Ma-
39°3811.77' E, 1941—current), which is located 250 km up- lindi (1098+ 306{"_”1 yr=, 1962-2008) to the inlands
stream of the TRD. Two other gauging stations were located®30+202mmyr= in Garsen, 1972-1986, data from the
at Hola (£3000.00'S, 400200.17'E, 1949-1991) and Kenya Meteorological Department, KMD, Kenya. Years
Garsen (21609.36' S, 400716.32 E, 1950-1998); how- with over one month of missing data were excluded). The
ever they are no longer monitored, and their data are dis;ainfall pattern is bi-modal, with two rainy seasons extend-
continuous (22.8 and 41.2 % of gaps in record, respectively)ind from April to June and from November to December,

Maximum peak discharges in Garissa were 1632 in both of which correspond to the flooding periods for the
1941 and then 1585%s~L in 1961. Tana River in natural conditions. Recent daily precipitation

and minimum and maximum daily air temperatures for the

www.hydrol-earth-syst-sci.net/17/3059/2013/ Hydrol. Earth Syst. Sci., 17, 305875 2013
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Fig. 2. (a) Example of measured discharges at Garigsg, and Garsen, and simulated discharge at Gar@en,n 1988.(b) Simulated
versus measured discharge at Garsen for the validation periods (1963—1986 and 1991-1998).

Table 1. Mean water flow per season (and 1 standard deviation)topographical gradient, overland flow and regional ground-
at each station and the resulting water volume ratio between thevater flows to the floodplains are most likely limited, com-
stations. The number of seasons (Nb) used and the periods consig,-ared to the water brought by the Tana River.

ered for each calculation are specified. Each year was divided into The mean temperature in the delta (1998—-2009, TDIP)
two hydrological seasons (1 March-31 August and 1 September+IS 28°C. with a mean maximum and minimum of 3T in

29 February) to better use the available data. Seasons with morgy-rch and 26C in July, respectively, suggesting high evap-

than 20 % of missing data were excluded (10seasonsforGarissaforr tion rat ver the flooded ar in rdance with re-
1941-2009; 60 for Garsen for 1951-1998). The remaining missing0 ation rates over the flooded areas, in accordance €

data, 2.3 % (542 days) and 6.0 % (397 days) for Garissa and Garseﬁla,g)ggl monthly values (150-210mm monih Woodhead

respectively, were filled in by linear interpolation. 7. ) ) ]
Within the delta itself, the main soil types encountered are

Station Water flow  Nb Period deep, well drained, dark brown and cracking vertisols and
fluvisols @apan International Cooperation Agent984ab).
Garissa (km) 2.51£1.34 115  1941-2009 The clayey nature of the floodplain soils most likely limits
Garsen (k) ~ 1.56:0.46 23 1951-1992 the infiltration of water within the floodplains during flood
Volume ratio  0.76:0.28 22 1951-1992 events. Ground water recharge could occur through infiltra-

tion at the sandier locations within the TRD, but quantitative
data are unavailable.

Freely available digital elevation models (DEM),
delta are also provided by the Tana Delta Irrigation Projecte.g. ASTER and SRTM, exist for the whole basin. How-
(TDIP, 2231622.07’' S, 401100.55 E). Monthly precipita-  €ver, the low resolution of these models relative to the
tion data (from the KMD) are available from Garissa. Local measurements of the altitude makes them inappropriate for
precipitation most likely does not induce the floods but in- hydrological modelling in the flat floodplains of the TRD
stead acts as a “wetting” event before the arrival of the flood(the slope gradient from the delta inlet to the estuary is
wave. Precipitation is low in the semi-arid zones surround-approximately 0.3 %o).
ing the delta. With an annual precipitation similar to that in ~ Finally, numerous satellite products (LANDSAT, SPOT,
Garissa (373202 mmyr?, 1962—-2008; KMD) and a low MODIS, radar products) are available at different spatial and

Hydrol. Earth Syst. Sci., 17, 30593075 2013 www.hydrol-earth-syst-sci.net/17/3059/2013/
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Fig. 3. (a) Schematic representation of the Tana Inundation MdBgL ogistic equation type relating flood exteatto water levelZ in the
delta. 01, 0o and Q3: discharges at Garissa, Garsen and the delta outlétne; R, Rp and Rgpg: rainfall over the flooded area, at TDIP
and at GarissaL.: overland flow;E: evapotranspiration over the flooded areagyotential evapotranspiratiod; infiltration from the flooded
areaicr, Amax r» ZL, ¢|, «, B, andZg|_are model parameters defined in TaBle

temporal scales. However, a high cloud cover limits the use3 Approach: satellite data analysis and hydrological
of many of those in the optical spectral range, while the over-  model specification

pass frequency of current radar products is too low to obtain

a time series of flood extents. 3.1 Strategy

The limited availability of hydrological, climate and topo-

graphical data makes the characterization of the flood event$© characterize flooded extents in the context of limited data,
within the delta challenging. The rapid analysis of the dis- /¢ con;tructed a ta|lor—m{_:1de hydr_ologlcal quel, th? Tana
charge data suggests that downstream discharge rates can Igémdatmn Model (TIM, Fig.3). It first reconstitutes river
reconstructed using those at Garissa but that peak dischargiScharge at the delta inlet and then performs a water balance
attenuation and delay time, as well as the decrease in the di&¥ithin the delta, taking into account the main water fluxes
charge rates, are important and hence need to be mode”eg_m_ardlscharges, rainfall, surface floyv, evaporat|0n_ar_1d infil-
Within the delta itself, many water fluxes are ungauged while!ration). In the absence of topographical data, a logistic equa-

the DEMs are not precise enough to be used in hydrolog-tion related the water level within the delta with the flood ex-

ical studies. Therefore. a water balance model was used tEnt- Calibrated parameters and their associated uncertainties

quantify these fluxes, and the flood extents extracted fromfVere calculated by comparing the_se flood extents with those
the medium temporal and spatial resolution remote-sensing"€@sured from the MODIS satellite data. The temporal dy-

products were used to calibrate the model in the absence dtamics of the floods in the TRD throughout the past decade
other data. were simulated with an estimation of the flood extent, dura-

tion and frequency. A yearly water balance was also calcu-
lated. Finally, the MODIS MYDO09A1 products also gener-
ated a spatial representation of the flooded zones. The data
used in this study are listed in Taleand each step of the
analysis (Fig4) is further explained below.

www.hydrol-earth-syst-sci.net/17/3059/2013/ Hydrol. Earth Syst. Sci., 17, 305875 2013
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Remote-sensing Hydrological modelling

Acquisition & pre-processing of images Reconstitution of river discharge

Detection of vegetated flooded surfaces Construction of a water-balance model

Classification of pixels into flooded or dry — Calibration

—> Validation

|

Quantification of
hydrological variables

Selection of images
(cloud cover < 10 %)

Probability of | Time series of |1 |
P flood extent flood extents

Fig. 4. Workflow diagram.

Table 2. Hydrological, climate and remote sensing data used in the3.2.2 Detection of vegetated flooded pixels
Tana Inundation Model (2002—-2011).
Differences in the spectral signature of the land and water

Data Time step Use covers are used to distinguish the water bodies from the other
Discharge at Garisda daily Flood propagation surfaces. Many water indices have been developed using dif-
MYDO09AL1 (76 images) 8-day composite  Calibration/validation ferent spectral bands and different satellite d&adq 1996
MYDO09A1 (434 isgageé 8-day composite  Empirical probabilities McFeeters1996 Rogers and Kearne004 Xu, 200@ and
Rainfall at Garis: monthly Surface inflow : :

Rainfall at Garseh daily Rainfall inflow are commonly used to differentiate land cover types.

Potential evapotranspiratibn monthly Evaporation A major characteristic of the TRD is the frequent presence

of a dense and low-lying vegetation cover above the water.

Water indices do not always distinguish between the flooded

and non-flooded vegetation. Howev@ijesak (2008 used

the Modified Normalized Difference Water Indexy, 2006

to map the open water bodies in the Inner Niger Delta and the

3.2.1 Acquisition and pre-processing of images Normalized Difference Water Index of Gao (ND¥4b,m2-5
(Gaqg 1996 to include the vegetated water. Despite large

The MYDO09A1 500m, 8-day composite images (tile differences in spatial extent between the Inner Niger Delta

H22Vv09) were downloaded from the NASA website (434 and the TRD, some main characteristics of the wetlands

images from 4 July 2002 to 19 December 2011). All pix- (flooded vegetation dchinochloa stagningRetz) P. Beauv)

els with a high aerosol quantity or a MOD35 cloud cover are identical. We therefore used ND¥¥b m2-5t0 map flood

(indices extracted from the surface reflectance state qualitgxtents in the TRD.

layer) in the visual or mid-infrared bands (bands 2 and 5) NDWIlgao m2-5for each pixel was calculated as

were masked (LDOPE software tool, MODIS Land qual-

ity assessment groujRoy et al, 2002. The processed im-  NDWIgao m2-5= ,

ages were then reprojected into geographical coordinates, Pred + AMIR

subset to the studied area (upper left coret6'@'S,  \yhere peq and pwir are the radiances (in reflectance
39°5956.4'E, lower right comer: 260" S, 395956.4'E)  its) in the red and mid-infrared spectral ranges, extracted
and transformed into geotiffs (HDF-EOS To GeoTIFF Con- t,om bands 2 (841-876 um) and 5 (1230-1250 pym) of the
version Tool, HEG v2.11£0S 2012,. MYDO9A1 product.

Image analysis was carried out on the deltaic flood- 4 getermine the index threshold that best differentiated
plains, excluding the river mouth, mangroves and coastaletween the flooded and dry areas, 1398 reference GPS
forests. The geographical mask used was constructed Mafksints corresponding to 500m by 500m flooded or dry
ually through a visual interpretation of the 90m Shuttle ,qnes were manually acquired (Garmin eTrex Legend) on
Radar Topography Mission Digital Elevation Model (SRTM 50t or by boat during two flood events (May 2010 and
DEM). Its contours roughly follow the Menjila-Lamu road to pacember 2011) and one rainy season when no floods oc-
the north, the eastern and western terraces and the southegy req (May 2009) and were compared to the spatially and
coastal forest and sand dunes (Fip. temporally coincident MYDO9A1 pixels. These binary data

Sources! WRMA; 2 Nasa;3 KMD; 4 Woodhead1968

3.2 Analysis of MODIS MYDO09A1 product

Pred — PMIR

1)

Hydrol. Earth Syst. Sci., 17, 30593075 2013 www.hydrol-earth-syst-sci.net/17/3059/2013/
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were used to construct error matrices for NI¥AH m2-5 Lastly, the images were used to obtain an empirical prob-
values ranging from 0.05 to 0.12 (at a step of 0.01). Theability of flood extentp using Eq. (3):

NDWIlgao,m2-5 Value that maximized the percent of cor- ns

rectly classified pixels (i.e. the overall accuracyQdngal- P = Nr (4)

ton, 1991) was retained as the threshold value. During the

classification process, the misclassification of pixels in awherens is the number of times the flood exteAt was
flooded (resp. dry) state can be measured (the user's acc@bserved. To estimaté,, we considered that a zone subject
racy of Congalton 1991) and was used here to estimate an t0 floods could be definedp( > 0.01), and that within this

uncertainty range for the resulting flood extents, zone, clouds were randomly distributed so that the ratio of
flooded to non-flooded area was identical to this same ratio

3.2.3 Classification of pixels and image analysis in the clouded areas. Hendg was estimated as

Each pixel within the geographical mask was classified as4  — Y ng - (1 + s ) (5)

flooded when its NDWd 40 m2-5 Value was higher than this nT — ne

threshold value (and vice versa), or as clouded. The resulting\,herenC is number of pixels classified as clouded within

MODIS imagery set was analyzed in three ways. the zone subject to floods amd is the number of pixels
First, the empirical probability of flooded statg;, for (2105 pixels) of the zone subject to floods within the studied
each pixel/, was calculated as zone (4789 pixels). In order to have a good estimation of the
ng; ratio, images where over 50 % of the zone subject to floods
pi = Nt —nei’ (@) \as classified as clouded were excluded (96 images).

whereng; is the number of times the pixelwas classified 3.3 The Tana Inundation Model

as flooded Nt is the number of images available aing; is

the number of times that the pixel was classified as cloude®.3.1 General structure

at band 2 and band 5. This term expresses the fraction of

times a pixel was classified in a flooded state, consideringlhe Tana Inundation Model (TIM, Fi) was composed of

the observations of the pixel when it was classified as non2 non-linear flood routing model chained to a water balance

clouded. p; was calculated for each pixel within the study model within the delta.

site, and based on these calculations, we then drew an iso- Input data were daily discharge rates at Garisga,

contours map o;. [L3T-1], daily precipitation at TDIPRp [L T 1], monthly
Secondly, a discrete time series of flood extents was obPrecipitation at Gariss&sg [L T '], and monthly potential

tained from the images presenting less than 10 % cloud cove®vapotranspiration rates[L T '] for the delta (oodhead

for all seven bands. Flood exteAt, was calculated as 1968. Gaps in theQ; record were filled by linear interpo-
lation, except for two periods when flood events occurred
Ao =y - nF, (3) (5 May 2003-31 October 2003 and 31 March 2005-4 Au-

: : t 2005) for which this method is inappropriate. All re-
wherey is the area of a MODIS pixel (0.216 ) andng 943 : .
is the number of pixels classified in a flooded state. Then, tosults therefore exclude these periods. A 10-day moving aver-

obtain uncertainty boundaries, 1000 numerical simulations29¢: which was more appropriate for the flood-routing model

following a random sampling with replacement design, were(l“"lmag"’lt et 2).1993 Bader et al.2003, was then used as

undertaken for each image and each of the three cIasseghe model input. State variables were daily discharge rates

The probabilities that each selected pixel had been correctl)gtilzz tgaeiIjzl\tzggltfgng;;Irét?c;icri]ri‘zﬁreatri?);&;nzt;?:cic:)ig?ion
classified (in a flooded or dry state or in a flooded state but ver the flooded areaZ, 7 and R, daily overland flowL

clouded) were taken, respectively, as the user’s accuracy fo? th b-basin betw G dth i d dail
the flooded and dry classes from the error matrix and the ra; 0N (N€ sub-basin between &>arsen and the estuary, and daily

2 . .
tio of pixels classified as flooded on pixels classified as non-fLOFLd3?rXf$]nm [L“] within the delta. All fluxes are expressed

clouded. The upper and lower uncertainty boundaries wer . . . .
then calculated as the 90th and 10th percentiles from the sim- ane calibrated and validated, the model provided a time
eries of flood extents for 2002—-2011, as well as the num-

ulations centered around the previously calculated ﬂooderﬁ : )
P y er of flood peaks, their mean duration and flood frequency.

area, so that a maximum,_, and minimumaA, , flooded ) .
area were calculated for each image. Due to the non—randorﬁma"y’ a mean yearly water balance for the delta provided
estimations of main water inflows and outflows.

spatial distribution of the GPS data points, this method was
only used to estimate the uncertainty range (for whichthe er 53 5 g1 propagation within the river stretch

ror is considered negligible as the cloud cover of the selected

images was less than 10 %) and not to calculate flood extentgischarge measurementg,,, were reconstructed using a
for which a better estimate can be obtained from Eq. (3).  flood routing modell(amagat et a).1993 that has been used
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to model many large rivers with overflow in Africhgmagat 31 December 2007Rp was uniformly distributed daily val-
et al, 1993 Bader et al.2003 Belaud et al.2010. Thisap-  ues calculated from the monthly precipitation data.

proach relies on a theoretical analysis of the diffusive wave Overland flow,L, was calculated as a function of rainfall
equation and takes into account differences in propagatiomat GarissaRsg:

trends in low and high flow regimes.

According to this method, two empirical relationships L = cr - Rsg - (Asg — A), 9)
were established between the upstream and downstream dis- ] o P
charges 01 and Q07), and between the upstream station and With ¢r being the runoff coefficient{] and Asg [L “] being
a delay time,T. Calibration of the two empirical relations e sub-basin area after Garsen (13 708)im the absence

was performed with a subset ¢f; and 0, discharge data of daily pre_cipitation_data for the sub-basiRgg was uni-

(1 December 1986 to 29 June 1991). Upstream and downtorm'ly'dls.trlbuted daily yalues calculated from the monthly
stream hydrographs were divided into 20 elementary interPrecipitation data at Garissa. _ _

vals Belaud et al. 2010, and then, a linear regression was _ 1 he outflow, 03, which is unknown in reality because of
performed between the discharge rates from the two stationdS diffuse character, was related to the level of the water
for different delay timesT', and for each interval. The de- Stored above the reservoir's outlet at sea led), [L], in

lay time T was chosen to minimize the root mean square® classical manner, in other words:

error (RMSE) of the linear regression, thus maximizing the
correlation betwee®; and Q». Due to scarce data, the em-

pirical 01— Q> relationship did not have the expected in- ; _ 7 represents the head loss between the reservoir and
creasing trend at low discharges and was manually correcteghs o tlet.o [L3# T-1] and g [] are the two parameters of
These relationships were then modelled with linear, secondg, equation. The value gis typically between a minimum
order polynomial or logarithmic equations, by maximizing ¢ o 5 for a Chezy- or Manning-type flow and 1.5 for a free
R? to obtain continuous functions relati@1, 02, andT.  \eir flow (Chow, 1959, which is what would be expected
DischargeQ, was calculated as the resulting 10-day moving pere.
average daily discharge. _ Evaporation was calculated in the same wayWésiski
The Nash-Sutcliffe coefficient (NS), the absolute maxi- o al.(2006:
mum error (AME), the RMSE, and the mean absolute er-
ror (MAE), as defined byDawson(2007), were calculated g — . A. (11)
for Q5 for both the calibration (1986—1991) and validation
(1963-1986 and 1991-1998) periods to assess the quality dh the absence of more precise data, uniformly distributed
the flood routing model. values of daily potential evapotranspiratier{L T ~1], were
obtained from monthly estimates at MalindiVéodhead

3.3.3 Equations and specifications of the water balance 1968,

model Infiltration was expressed through a linear relationship re-

) o . lating it to the flooded are&:
The TRD was represented as a single reservoir, within which

Oz=a-(Z—Zs)?. (10)

a daily water balance was calculated: I=c-A, (12)
d_V —A- d_Z =Q0s+R+L—-—Q3—E—1 (6) wherec is the infiltration rate [L T1].
dr dr The model was coded under R (Development Core

Team 2008 and verified by checking the closure of the water
balance for all parameter sets retained in the calibration pro-
cess. The minimum flooded arda,n Was set to 1 kr, and
the maximal water level was set to 10 m to keep the reservoir
shape conforming to the TRD.was calculated from Eq7)
Amax using the area of permanent lakés (4 kn?) and the three
T 1ta-exprZ’ () parameterg,, Amaxandr. Initial flood extent was set ta,
because the model was initiated at low flow. When the flood
whereAmax is the maximum flood extent, whike[—] andr  extent was minimal, evapotranspiration and infiltration were
[L ~] determine the shape of the logistic curve. considered to be negligible. Equatiod) (vas solved itera-
Rainfall input, R, was calculated as tively using the fourth-order Runge—Kutta algorithAtKin-
son 1989. For reasons of numerical stability, it was solved
at an hourly time step. Final output variables were averaged
whereRp is the daily precipitation at TDIP [LTY]. Inthe ~ OVer 10 days so that the temporal resolution was close to that

absence of daily precipitation data from 1 March 2007 to©f the MODIS images and major input variables.

whereV [L2], Z [L] are the volume and the level of water
within the reservaoir.

In the absence of topographical data, the flooded drea
was related to water levél using a logistic equation:

A

R=Rp-A, 8)
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a. Estimation of flood extent b. Calculation of error €

Flood extent

time

Ros v (10th—90th A TmM

0,X
TIM (example with A
Ay percentile envelope) (median value) one parameter set)

Ao MODIS L€ Error

o,m

Fig. 5. () Simplified scheme depicting the flood extents from TIM and MOOIES Definition of the errokq andes.

3.4 Calibration and validation strategy for the water it compares flood extents rather than discharges and differs
balance model in the definition of the erro¢. The latter is the difference be-
tween the value measured by MODIS and that simulated by
Calibration and validation of hydrological models are usually T|M, taking into account the uncertainty ranges. In the cal-
performed by comparing the simulated data with an inde-jbration and validation of each parameter getyas defined
pendent set of data. Classical evaluation metrics include NSpetween the value from TIM and the uncertainty range from
AME, MAE and RMSE (Tablet). The water balance model MODIS, so that
had eight parameters (TabB, which were estimated ac-
cording to the equifinality concepBéven and Binley1992. If A < A, mtheney = Ay — A
This concept states that the uncertainty related to parametgf Aom < A < A, theney =0
estimations allows for multiple parameter sets to reproduc A
the observed behavior of a system. This uncertainty needs ?g A> Aoy theney = A = Ao (14)
be quantified in the modelling proceduigeen and Binley  |n the quality assessment phagk, was defined using not
1992 because it affects the interpretation of the model. only the uncertainty range of the MODIS data, but also the
In this study, we were interested in (1) selecting parame-uncertainty range of TIM as the equifinality concept states
ter sets during a calibration process, then validating each sethat all selected parameter sets are acceptable. Hence,
and (2) assessing the final quality of the model, which in-pecomes as follows:
cludes the ensemble of parameter sets. In the first case, point
simulations were to be compared to an uncertainty range isif Aog < A, thenez = A, — Aog
sued from the MODIS images, whilst in the second case, twgs Aom < ApgandAg1 < A, thenez = 0
uncertalnty ranges were to be compared. To do so, we defmeﬁi Ao1 > Agx thenes = Aot — Ay, (15)
an evaluation metri€, as
5 whereAg 1 andAgg are the 10th and 90th percentile bound-
Lo=1— 2 € 7 (13) aries for the calibrated hydrological model. The advantage of
3 (Ao — Zg)z this approach is that it increases the flexibility in the calibra-
tion process for a model that needs to be constrained using a
wheree (Fig. 5) is the error defined in Eql14) or Eq. (U5), very limited amount of data.
A, is the flooded area observed at each date apds Model calibration was performed using the Generalized
the mean flooded area from the MODIS images. The likeli- Likelihood Uncertainty Estimation (GLUE) methodology
hood L, differs from the Nash—Sutcliffe coefficient because (Beven and Binley1992 Beven and Freer200]). Ranges
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Table 3. Definition of water balance model parameters. Table 4. Evaluation metrics used for the calibration or validation
steps of the water balance modelis defined in either Eqs14)
Parameter  Signification Range/value  Unit or (15). A,: flood extent measured from the MODIS imageay;:
o parameter for discharggs 0-10E6 mF day 1 mean flood extent from M_ODIS imagery; number of concurrent
B parameter for discharg@s 0.2-1.7 - TIM and MODIS observations.
Amax maximum flooded area 300-700 &km
r parameter for logistic equation ~ 1-40 “h Metric Abbreviation  Equation
CR overland runoff coefficient 0-0.05 - 5
infiltrati 1 oo
| infiltration rate 0-25 mm day Likelihood Le 1— € —
Z water level of permanent lakes  0-2 m > (Aa - A[,)
ZsL water level at outlet 0-5 m Absolute maximum error  AME max|e|
1
* Parameter range fro@lapp and Hornbergdd 978. Mean absolute error MAE n Z €]

Root mean square error ~ RMSE Viye?

were fixed for the model parameters (TaB)e and the pa-

rameter sets were randomly generated within these bounds, ] ) )
using a uniform distribution. The model was then run with The contours of the preferential flooding zones, which are

each parameter set, and the results that did not meet our ad€rived from the empirical probability of flooded statg,
ceptance criteria were rejected. A first selection was con- &€ mapped in Fig7. The size of the area with an empiri-
ducted by retaining the sets yieldingta > 0.60 and a full cal probability p; exceeding 0.01 was 450 KmThe maxi-
solution of the differential equation (E@). Secondly, the ~MuUm empirical probability of flooded state was 0.41 in the
parameter sets were further restrained to reproduce the offPUth-€astern part of the delta, corresponding to a zone un-

served conditions (a flood extent higher than 158 kon der tidal influence. The flooded zones mainly followed the
31 May 2010 or lower than 10 Kfrin May 2009). active Matomba branch of the river and then spread out

This parameter selection was performed using a SIO”t_within_the floodplain gras_slands. On the contrary, zones sur-
sample approach. The time series was separated into two pé(_)undmg the formerly active Oda branch were rarely roo_d_ed.
riods (1 January 2002-21 September 2006 and 22 Septerd-"€ Major lakes of the zone (Moa, Shakababo and Bilissa
ber 200631 December 2011), each of which was used foPoka lakes) were visible. Furthermore, ancient channels sur-
the selection of a limited number of parameter sets. The ini-ounded by riverine forests and other non-flooded zones ef-
tial pool consisted of 200 000 sets of parameters for each pe€Ctively appeared to be dry. As expected, villages were out
riod. Finally, both reduced sets were combined, and the un®f the flooded zones, but close to them for easy access to
certainty ranges were defined by the 90th and 10th quantileBasture and farming land. The map corroborates well with
obtained from the likelihood-weighted output variables. our knowledge of the terrain.

Each parameter set was validated by calculating the evalzf 5 TIM
uation metrics £,, AME., MAE., RMSE, with the error ’
defined fromey) from the data not used during the calibra- 4 5 1 cajipration and validation of the flood-routing
tion process. In the final assessment of the quality of the wa- model
ter balance model, including the ensemble of parameter sets,

Le,, AME., MAE., RMSE were calculated for 2002-2011, The model reproduces the observed discharges at the Garsen

with the error defined frona,. station to a satisfactory degree, with reasonable NS, RMSE,
AME and MAE for both the calibration and validation peri-
ds (Table5).
4 Result ° ) .
esults The discharge at Garse@$, m®s~1) and the time delay
4.1 Satellite data (T, day) are described by Eq4.6) and (L7):
_ 2
The overall accuracy of the pixel classification was maximal'f €1 € [0. 320 thenQ>(r) = ~0.0014- Q3(r — T)
(92.63 %) at NDWga0,m2-5= 0.09 (Tables). The overall ac- +0.9557- 01(t — T)
curacy always exceeded 85 % for all the NDYM, m2-5val- If 01 > 320thenQ2(r) = 0.04692- Q1(t — T) + 14569 (16)

ues between 0.05 and 0.012, showing that the index was not
sensitive within this range.
Seventy-six images (Figé) were characterized by a If Q1 € [0, 36]thenT =5
cloud cover of less than 10%. The resulting set was well-if 9; e [36, 78] thenT = 0.0033. Q2 — 0.3715. Q1 + 14.256
distributed between the rainy and dry seasons. The maximur 01 > 78 thenT = 3.5588 In (Q1) — 10,085 (17)
and minimum flood extents were 0—6 kmnd 302—316 krh
(10th and 90th percentiles). Only 19 images presented aflood The resulting curves are typical of an overflowing river
extent over 100 krh with a very low slope. Downstream discharge increased with
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Fig. 6. Flood extent in the delta for 2002—2011, as computed by TIM or measured from the MODIS imagery.
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Fig. 7. Map of the iso-contours of empirical probability of flooded state, extracted from the MODIS images (2002—2011).
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Table 5. Number of correctly classified MODIS pixels at three different dates, compared to the total number of groundtruthing points (Nb)
in a dry or flooded state, for different ND\Who m2-svalues. The resulting user’s and overall accuracy are given.

Date Groundtruthing data NDW¥ko,m2-sthreshold value

State Nb 0.05 0.06 0.07 0.08 0.09 010 0.11 0.12
25 May 2009 dry 410 407 409 409 410 410 410 410 410
25 May 2010 dry 270 167 186 213 230 244 255 261 264
19 December 2011 dry 253 196 226 238 245 246 248 249 251
25 May 2010 flooded 211 195 191 185 183 181 175 170 163
19 December 2011 flooded 254 238 233 230 224 214 207 196 179
User’s accuracy (%)  dry 96.0 953 945 939 922 917 903 883
User's accuracy (%)  flooded 727 79.1 850 895 923 950 965 97.7
Overall accuracy (%) 86.1 89.1 912 924 926 926 920 90.6

Table 6. NS, RMSE, AME and MAE values for the calibration Table 7.Evaluation metrics of the water balance model, for the cali-
(1986-1991) and validation (1963-1986 and 1991-1998) perioddration and validation periods and for 2002—2011. E¢rigrdefined

of the flood routing model. in Egs. (L4) or (15).
Period NS RMSE AME MAE Calibration/ Period Np AME. MAE. RMSE L.
() MsY mdsl (mds? Validation k) (km?)  (km?)  (-)
Calibration  0.89 14 74 10 Calibration = 2002-2006 462 72.7 10.8 20.7 0.91

Calibration  2006-2011 72 161.2 27.0 455 0.73

Validation 0.87 16 107 12

Validation 2002-2006 72 80.6 13.1 23.9 0.89
Validation 2006-2011 462 1435 215 35.9 0.83
Validation 2002-2011 112  102.2 9.2 20.4 0.93

upstream dISCharge' At hlgh_ d|s<_:harges, the slop_e Of:Em' ( * Np: number of selected parameter sets. Parameter sets selected in the calibration
decreased due to overflowing into the floodplains and theeriod 20022006 were validated in the period 2006-2011 and vice-versa.

consequent evaporation. At high discharges, time-delay
T increased as water overflowed into the large floodplains.
According to the model, a flood of 500%s~1 required ap-

. k erformance for each period and the entire 2002-2011 pe-
proximately 12 days to reach Garsen from Garissa. P per ! P

riod are summarized in Tabke L.,, AME, and MAE; were,
respectively, 0.93, 102 kfrand 9 kn¥ for the entire period.
In light of these criteria, the proposed model performed well.

Finally, a water balance for each selected parameter set
Calibrated parameters are presented in TabEhey did not ~ Was computed. The median total volume of water trangiting
reveal any structure within the prior distribution space. How- through the system was 28t90.5 k. A mean absolute dif-
ever, Z, and Zs_ were highly correlated (0.84); and « ference of 0.86 % between the incoming and outgoing fluxes
showed a correlation of 0.44, andand 8 showed a cor- for all of the parameter sets was observed and attributed to
relation of 0.37. The correlations (absolute values) betweerin€ approximations of the numerical resolution. This differ-
the other parameters were all less than 0.24 (and mostly les@NCe is considered negligible.
than 0.1). The correlation betwe&n andZs) was high be-
cause the water level within the delta is always higher thar4.3 Quantification of hydrological variables
that at the outlet.

During the 2002-2006 calibration period, 462 sets of pa-Flood extents simulated by TIM for 2002—-2011 are repre-
rameters were selected using the GLUE approach (T8ble sented in Fig6. They corroborated well with the flood ex-
The likelihood, L.,, was of 0.91 and 0.83 for the calibra- tents calculated from the MODIS imagery. The periodicity of
tion and validation periods. During the 2006-2011 calibra-the floods was well reproduced, with floods occurring during
tion period, 72 sets of parameters were selected (Table the rainy seasons. According to the hydrological model, the
L, was 0.73 and 0.89 for the calibration and validation pe-maximum flood peaks of the past decade occurred in May
riods, respectively. The model seems better adapted to thand December 2002, with median and 90th percentile values
2002-2006 period, which has more parameter sets and highef 304 and 383 ki and 272 and 385 kfn respectively. On
L., values compared to 2006-2011. After further restriction, the contrary, the floods of May 2011 seem to have been neg-
112 parameter sets were finally retained. The global modeligible (< 100 kn?). The last fact was confirmed in the field.

4.2.2 Calibration and validation of the water balance
model
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Table 8. Number of floods and their mean duration (days) for Taple 9. Annual water flows (kryr—1), calculated from the me-

2002-2011. dian values of TIM.
Flood extent  10th percentile Median 90th percentile Flow 2002—201% 2009% 2007
Nb  Duration Nb  Duration Nb  Duration -

Total discharged > 3.17 2.54 3.90
> 100 kn? 17 27+19 16 43+25 17  50£25 Total rainfall R 0.06 0.04 0.10

> 200 ki? 5 1144 9 18+11 15 28+20 ' ' '
 300Kn? o o 1 A p 1006 Total overland flowL 0.09 0.08 0.09
Total inflow (Q2 + R+ L) 3.32 2.66 4.09
° O TIM (median value) Total discharged 3 2.95 2.53 3.49
S MODIS Total evapotranspiratioR 0.11 0.04 0.20
° Total infiltration / 0.22 0.09 0.39
" Total outflow Q3 + E + 1) 3.28 266 4.8

160
T

1 mean;2 minimum value3 maximum value.

120
T

For the whole 2002-2011 period, flood extent was lower
than 10km 48 % of the time (Fig.8) while flood extents
over 100 and 200 kAwere observed 22 and 4 % of the time.
These results corroborate with the empirical probability of
flood extent calculated from the MODIS imagery (F3).

An empirical relationship relating the flood extefitwith
the incoming discharg@®, was also obtained from the TIM
(Fig. 9). Confidence intervals (median values of the 10th and
90th percentiles of each data point) were calculated. Only
three floods corresponding to extreme rainfall events do not
fall within these intervals. Floods exceeding 100%koc-

5 00 200 200 200 200 curred for discharges higher than 138sn' (median value
Flood extent (km?) of the 50th percentile of each data point). An increase of

. . 30nP s 1 resulted in floods of nearly 200 Km
Fig. 8. Histogram of flood extents calculated from the TIM and - y

) . Finally, the annual water balances were calculated for
MODIS images. Counts were conducted every eight days. To-

tal numbers of counts were 413 and 338 for TIM and MODIS, 2002-2011 using the med_lan Vall_JeS of the parameter en-
respectively. semble (Table). The total input discharge, rainfall, over-

land flow, output discharge, evapotranspiration and infiltra-
tion flows calculated in the water balance are represented
Sixteen flood events with flood peaks over 10Fkme-  in Fig. 10. Mean annual water inflow into the delta was
dian value) were recorded for 2002-2011 (TaBJe Their  approximately 3.3kryr—1. The minimum and maximum
duration was 43 days (median value). Among these floodsyearly inflows were observed in 2009 and 2007 at 2.7 and
four lasted less than 20 days. These events were quite regulat, 1 kn? yr—1, respectively. The river dischargé and Q3
with floods over 100 krh lasting more than 20 days occur- corresponded to over 95 and 89 %, respectively, of the mean
ring for over 2/3 of the rainy seasons. However, because ofinnual water inflow.
the calibration procedure of TIM, small flood extents could
be overestimated. , . )
Flood events of a larger scale were more rare, with a5 Discussion and conclusions
median number of r_]ine rooq event_s over 20Ckfor the 5.1 Remotely sensed detection of flood extents
18 recorded potential flooding periods. These floods oc-

curred on average once a year, even though there are tWehe NDWig,0 v2-5index properly distinguished the flooded
potential flooding seasons per year. Their mean median angyfaces, including the low-lying vegetated flooded zones,
90th percentile durations were 1811 days and 2820  from dry surfaces. Furthermore, this index can be calculated
days, respectively, with the longest 90th percentile flood du-frgm many of the MODIS products, as well as from other op-
rations of 45 and 82 days having taken place in May 2002ica| sensors, such as LANDSAT, making it a good candidate

and December 2007, respectively. Flood events over 360 kmto monitor flooded surfaces with a low-lying vegetated cover,
were recorded 0 to 3 times and were of short duration. which is typically found in wetlands.

Number of observations

80
T

40

20
T
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8r justified as these flows account for only a small part of the
i (daily value) water balance. The global fluxes generating floods and the

- Confidence intervals flooding characteristics in the deltaic floodplains were quan-
tified. These results have relatively high uncertainty ranges

sl ,/: linked to the lack of essential data, such as a Digital Ele-

vation Model and the scarcity of recent discharge measure-
ments within the delta. Moreover, because of the chosen eval-
uation metric, the relative uncertainty for the low inundation
extents is larger than for the high values. The model should
therefore be better at capturing large flooded areas. Finally,
the annual water balance confirms that the river discharge
coming from Garissa, and therefore the upper basin, is the
major process controlling the flooding events within the Tana
River Delta.

In the future, semi-distributed or distributed models could
be developed for the TRD. This study helps define which
data are essential but unavailable in the zone, so that fu-
ture research efforts concentrate on the acquisition of such
| ! ! ! ! ! | data. Regular discharge or water level measurements at the
®0 U e miey inlet, outlet and other strategic locations (channel bifurca-

tions, etc.) should be undertaken. A precise topographic map
Fig. 9. Relationship between discharge at the delta idlet and  is necessary to describe the volume-area-water level relation-
flood extentd, as computed by TIM. Error bars depict the 10th and ships and hence the channel-overland flow dynamics. Lastly,
90th percentile values. “Median” and “Confidence intervals” depict jn_sity or satellite measurements of flood extents are essential

the median values calculated from the median, 10th and 90th pertqr parameter estimation and validation of future models.
centiles of TIM.

Flood extent (km?)

100
T

5.3 Management issues

The use of the MYD0O9A1 composite product from the ] ) o
MODIS instruments allowed the characterization of the statel NiS Study determined the major characteristics of flood
of the surface despite a high cloud cover. In particular, itPropagation within the Garissa-Garsen stretch. An under-
gave the first estimation of the spatial flooding pattern and standing of these characteristics is essent!al_for the manage-
time series of flood extents, that are in good agreement Wm{nent_of Wz_:\ter resources. These characteristics seem to have
the water balance model. The use of finer-resolution satellitd€mained identical throughout 1963-2011, despite the con-
products would improve the estimation of flooded area by_strucnon of five dams. This _fln.dmg is particularly interesting
decreasing the classification error due to mixed pixels. How-" the context of hydroelectric infrastructure development be-
ever, the disadvantages concerning its medium spatial resol $2USe it supports the idea that dams could have modified the
tion and 8-day uncertainty range are counter-balanced by it¥0lume of transiting watemaingi and Marsh2002 but not
availability and high temporal resolution compared to manythe flood propagation characteristics. o
other satellite products. It can therefore be used in combi- T!M provides an ensemble of flooding characteristics
nation with the latter to characterize and monitor floods in (flood extent, duration, timing, frequency of occurrence) that

medium- to large-scale wetland complexes. are essential in flood forecasting. The discharge—flood extent
relationship also enables a rapid estimation of flood extents,
5.2 The Tana Inundation Model which is information that can be used to monitor or predict

floods in the delta. The MODIS images give complementary
The use of a lumped model in combination with satellite datainformation concerning the spatial flooding patterns, which
is a first step in quantifying the flooding characteristics in theare also crucial for wetland monitoring. These images could
poorly gauged wetlands of the Tana River Delta. By doingbe used to define the current flood-prone zones. Finally, this
so, this paper contributes to the growing literature on the usestudy highlights the idea that river fluxes are the main gener-
of hydrological modelling in ungauged basins and follows ator of floods within the delta. This result is important in the
previous recommendations to use “tailor-made” and “site-current context of hydroelectric infrastructure development
specific” models $avenije 2009. on the Tana River.

The water balance approach adopted here was relevant to Together, the results and the model developed in the study
study the TRD system, for which information on the inter- can help predict the consequences of the modification of the
nal properties and processes were limited. The downscalingpydrological regime of the river on flooding events in the
of rainfall and evaporation from monthly to daily data was delta. Such prediction is essential because many ecosystems
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