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Abstract. In the Ferlo Region in Senegal, livestock de- area and 3) Tropical Rainfall Measuring Mission (TRMM)
pend on temporary ponds for water but are exposed to thelata for rainfall estimates. The model was applied to all
Rift Valley Fever (RVF), a disease transmitted to herds byponds of the study area, the results were validated and a sen-
mosquitoes which develop in these ponds. Mosquito abunsitivity analysis was performed. Water height simulations
dance is related to the emptying and filling phases of theusing gauge rainfall as input were compared to water level
ponds, and in order to study the epidemiology of RVF, pondmeasurements from four ponds and Nash coefficieitsy
modelling is required. In the context of a data scarce re-were obtained. Comparison with simulations using TRMM
gion, a simple hydrologic model which makes use of remoterainfall data gave mixed results, with poor water height sim-
sensing data was developed to simulate pond water dynamiagdations for the year 2001 and good estimations for the year
from daily rainfall. Two sets of ponds were considered: those2002. A pond map derived from a Quickbird satellite im-
located in the main stream of the Ferlo Valley whose hydro-age was used to assess model accuracy for simulating pond
logical dynamics are essentially due to runoff, and the pondsvater areas for all the ponds of the study area. The valida-
located outside, which are smaller and whose filling mecha+tion showed that modelled water areas were mostly underes-
nisms are mainly due to direct rainfall. Separate calibrationgimated but significantly correlated, particularly for the larger
and validations were made for each set of ponds. Calibratioponds. The results of the sensitivity analysis showed that pa-
was performed from daily field data (rainfall, water level) rameters relative to pond shape and catchment area estima-
collected during the 2001 and 2002 rainy seasons and frontion have less effects on model simulation than parameters
three different sources of remote sensing data: 1) very highrelative to soil properties (rainfall threshold causing runoff
spatial resolution optical satellite images to access pond locain dry soils and the coefficient expressing soil moisture de-
tion and surface area at given dates, 2) Advanced Spacebormeease with time) or the water loss coefficient. Overall, our
Thermal Emission and Reflection Radiometer (ASTER) Dig- results demonstrate the possibility of using a simple hydro-
ital Elevation Model (DEM) data to estimate pond catchmentlogic model with remote sensing data to track pond water

heights and water areas in a homogeneous arid area.
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BY (vs.nev@ntropic.fr)
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1 Introduction In order to access additional temporal information on
pond dynamics, hydrologic models have been developed at

Ponds and lakes are essential for life in the semi-arid Sahehe pond scale (Desconnets, 1994; Desconnets et al., 1997;
region of Africa. Besides hosting a considerable biodiver-Martin-Rosales and Leduc, 2003). Applications at a re-
sity, these water bodies can be filled during the rainy seagional scale to monitor states of daily water bodies have
son, and often remain the primary water supply for humanbeen tested with success. These studies were generally
and animal consumption. While being crucial for increasing based on volume-area-depth-¢:-A) mathematical relations
aquifer recharge, these fragile aguatic ecosystems are subje@’Connor, 1989; FAO, 1996; Hayashi and Van der Kamp,
to various natural (recurrent drought) or anthropogenic (over2000; Liebe et al., 2005; Nilsson et al., 2008) and require a
exploitation, dams, pollution, drainage) threats. Another ma-detailed bathymetry. The possibility of using remote sens-
jor concern is that these water bodies are focal points wheréng to improve water area estimation with these mathemat-
humans and livestock accede to water (Diop et al., 2004), angtal relations has also been investigated. Puech (1994) and
are at the same time favourable breeding sites for mosquitoeBuech and Ousman (1998) showed that SPOT4 satellite im-
(Linthicum et al., 1985) that transmit various arboviruses, in-ages could be used with volume-area-depth relations to ac-
cluding those responsible for the Rift Valley Fever (RVF). curately estimate the volume of small water bodies of more
RVF is an acute illness that affects humans and domestic unthan 10 ha, in the Tillabery region of North Niger. Recently,
gulates (e.g. Wilson et al., 1994), and has an impact on theiebe et al. (2005) and Annor et al. (2009) used similar re-
economy of the livestock sector. Water bodies in these re{ations but with radar images (ENVISAT ASAR) for water
gions therefore need to be closely monitored, not only as asolume estimations of 21 small reservoirgs30 ha) in East
resource in itself, but also in relation to the economy andGhana.
public health of the region. In this paper, we explore the possibility of developing a

It is considered particularly challenging to characterize simple pond water balance model, requiring few input data
and survey water bodies located in these arid areas, becaus@ad minimal parameterisation, that (i) takes advantage of
of the difficulty to obtain good quality data records of tem- available remote sensing data in an otherwise data scarce
porary and episodic floods in time and space (Lange et al.region, (ii) simulates water availability for herds, and (iii)
1999). Numerous studies for monitoring water bodies haverenders pond water dynamics accurately enough to be subse-
been conducted on large water areas using remote sensinguently used for studying the dynamics of mosquito abun-
particularly in flood monitoring (Barton and Bathols, 1989; dance. The model developed uses three different sources
Sandholt et al., 2003; Montanari et al., 2009) or water stor-of remote sensing data: 1) very high spatial resolution op-
age in large lakes (Dingzhi et al., 2005). In arid areas, thetical satellite images to access pond location and surface
potential of time series from coarse-scale satellites imagesirea at given dates, 2) ASTER (Advanced Spaceborne Ther-
like NOAA-AVHRR (Verdin, 1996), SPOT-Vegetation (Haas mal Emission and Reflection Radiometer) Digital Elevation
et al., 2006) or Terra-MODIS (Moderate Resolution Imaging Model (DEM) data to estimate pond catchment area and
Spectroradiometer) to survey large ponds and lakes at a broa®) TRMM (Tropical Rainfall Measuring Mission) data for
spatial scale was demonstrated. Nevertheless, in the Sahel reainfall estimates. After a brief presentation of the study
gion, the spatial resolution of those sensors is inappropriataérea and available data sets (meteorological, hydrological,
(Soti et al., 2009) for identifying water bodies with a surface topographic, remote sensing images), a daily water balance
area of less than 170 00C°r(Soti et al., 2009), which is the model and a volume-area-depth model are described. Then,
case for most of the ponds there. Recently, it was showrthe paper presents the application of the model to the 98
that the new generation of high and very high spatial resoluponds of the study area using daily field rainfall data (2001
tion remote sensing data (Landsat Enhanced Thematic Mapand 2002) and TRMM data (2001, 2002, and 2007). Val-
per, SPOT5 and Quickbird images) is suitable for the detaileddations are carried on water height simulations with daily
mapping of temporary water bodies at a local scale (Liebe etvater height data collected for four ponds during the 2001
al., 2005; Lacaux et al., 2007; Soti et al., 2009). The potentialand 2002 rainy seasons, and also on water area simulations,
of radar satellite images (Annor et al., 2009; Di Baldassarreusing a pond map derived from a Quickbird image acquired
et al., 2009; Schumann et al., 2009) for water body inven-on 20 August 2007. Results of a sensitivity analysis are also
tory have also been improved, with the advantage of beingoresented and discussed.
independent of cloud cover (Horritt et al., 2001; Herold et
al., 2004). Thus, an efficient and simple method to study the
spatial dynamics of temporary ponds would consist in map-
ping the ponds using satellite images acquired at different
dates (Lacaux et al., 2007; Tourre et al., 2008). However, a
daily follow-up is not possible with this approach, given the
strong inverse relationship between spatial resolution and re-
visit time.
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Fig. 1. Quickbird image of the study area showing location of ponds, rain gauge and water level meters near Barkediji village, Ferlo Region,
Senegal(a) Barkedji,(b) Furdu andc) Mous3 ponds in September 2006.

2 Material and methods distributed within an area of 130160 kn? in the region of
Niamey, that 20% of the total annual rain falls with inten-
2.1 Study area sities>78 mm h1, and 50% with intensities-35 mm h 1.

In Barked;ji area, annual temperature varies between°Zl1.2
The study area (Fig. 1) is located in the Ferlo Valley, North and 36.6C with an average of 29% and an average an-
Senegal, and covers an area of 11kb@ km around the vil-  nual evaporation of 4.6 mm/day (Diop et al., 2004). The an-
lage of Barkediji (15.28N-14.87 W). The relief is charac-  nual rainfall was 415 mm in 2001 and 296 mm in 2002, with
terized by low altitude (25 m average) and composed of a lata marked deficit of 30% for the latter.
eritic crust partially covered by flattened dunes and stabilised The study area is characterized by an ensemble of ponds
by vegetation (Le Houerou, 1988; Pin-Diop et al., 2007). that are filled during the rainy season (from July to mid-
This plateau was eroded by a former affluent of the Senegabctober). Generally, the limits of these ponds are delineated
River, the Ferlo River. The study area is located between isoby a belt of trees which corresponds to the maximum water
hyets 300 mm and 500 mm and has a Sahelian climate chaextension. Most of the ponds in the study area are small (33%
acterized by two seasons: a dry season which is dry and colgf ponds with an area less than 1000 and 64% with less
from November to March, and dry and hot from April to than 2600 ), with the smallest one covering only 74m
June, and a rainy season from June to November (Ndiayeand the largest one, Barkedii, covering47 400 n? (Soti et
2006). D’Amato and Lebel (1998) estimated that mean rain-al., 2009). The larger ponds are located in the main stream of
fall intensity in the Sahel is about 15 mm/day during the rainy the Ferlo valley and the smaller ones generally outside. Dur-
season. Nevertheless, in this region, rainfall events have hg the rainy season, the temporary ponds are quickly filled
convective origin (Lebel et al., 2003) and thus are highly vari-in successive occasions in the very few hours during and af-
able in space and time (D’Amato and Lebel, 1998; Vischelter the shower, whereas the emptying phase lasts longer, be-
and Lebel, 2007; Wheater et al., 2007). The temporal raintween a few days and several months after the last precipita-
fall distribution is extremely irregular and is characterized by tion event (Martin-Rosales and Leduc, 2003). All ponds dry
local dry spells lasting generally more than 5 days (Frapparbut during the dry season.
et al., 2009). For example, Balme at al. (2006) estimated
from 13 year time series of a 30 stations rain gauge network

www.hydrol-earth-syst-sci.net/14/1449/2010/ Hydrol. Earth Syst. Sci., 14, 1449-1464, 2010
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Field data that were used to build, calibrate and validate2.4.2 ASTER Digital Elevation Model (DEM) used for
the model were collected on five ponds of the study area. The catchment delineation
two larger ponds (Barkedji and Niaka) belong to the main
stream, whereas the three smaller ones (Furdu, Mous 2 anfi DEM with 30 m pixel size covering the whole study area
Mous 3) are found outside the main stream. The locationgvas downloaded from the ASTER Global DEM dataset of
of the five ponds are shown in Fig. 1, together with picturesthe NASAs Warehouse Inventory Search Tool (WIST) web-
of Barkedji, Furdu and Mous 3 ponds taken during the 2006site (https://wist.echo.nasa.gov/wist-bin/api/ims.cgi?mode=

rainy season. MAINSRCH\&JSzl). The ASTER DEM was used to es-
timate the catchment area of the bigger ponds, located inside

2.2 Meteorological data the main stream.

Two sets of rainfall data were used: 2.5 Pond maps

— Daily rainfall data collected from July to December Ty pond maps of the study area were extracted from Quick-
(rainy seasons of 2001 and 2002) using an automatigyirg satellite images acquired in 2005 and 2007 (see Table 1).
meteorological collector (WM 918 from Skyview Sys- The procedure included thresholding the Normalized Differ-
tems Ltd) and a meteorological station (Weather View gnce Water index (NDWI, McFeeters, 1996) which is known
Ltd) located in the village of Barkedii. to be suited for water bodies extraction (Soti et al., 2009).

— Daily TRMM rainfall data (3B42-V6 product) with a The 2005 image was acquired at the peak of a higher than
0.25x0.25 spatial resolution. TRMM data corre- normal rainfall season, when ponds were expected to be at

sponding to the study area have been downloaded frorrliheir maximum. It was used for extracting pond parameters,
the NASAs Goddard Earth Sciences Data and Infor- and more specifically the maximum surface area for each
mation Services Center for the rainy seasons of 2001’pond, in order to estimate catchment areas of the ponds lo-

2002 and 2007 (http://dich.nascom.nasa.gov/Giovanni}‘:ated outside of the main stream. The 2007 image was used

tovas/TRMM V6.3B42 daily.2.shtml) to validate the water areas predicted by the model. The 2005
' o ' pond delineation had been systematically verified during a
2.3 Hydrological data field survey (using a Global Positioning System receiver) in

September 2006 at the peak of the rainy season (Soti et al.,
Water height data were collected daily from July to Decem-2007). The data used in the study are summarized in Table 1.
ber in 2001 and 2002 from water level meters placed at the
deepest point of four ponds, namely Barkedji, Furdu, Mous ) ]
2 and Mous 3 (Fig. 1). For the study, we used the Mous 2,3 Modelling overview and methods
Mous 3 and Furdu water height data collected during the two

years — 2001 and 2002. For Barkedji, the water level rea We developed a simple hydrological model that simulates the

ings for the first season (2001) were unexploitable due to Jnain por:jd filléng and emgtyin% prorc]:essTs. Fc()jr .thehstudy,
technical problem (displacement of the meter) that was nof";e con&feﬂr}e ;ch> siz/tsllo pont i t cr)]se o;:a(tje Im.t el rgaln
detected and corrected early enough. Therefore, only water - cam ot the merio valiey (set 1) whose hydrological dy-

height data collected during the 2002 rainy season were use'aam.ics are due es§entially to runoff, and the pqnds located
for this pond. outside (set 2), which are smaller and whose filling mecha-

nisms are mainly due to direct rainfall (Fig. 1). Then, sep-
2.4 Topographic data arate calibrations and validations were performed for each
set. The first two parts of this section will be dedicated to
2.4.1 Pond shape data used for the volume-area-depth the hydrological model description (§3.1 and §3.2). The fol-
model lowing parts explain the model parameters estimated from
field data (83.3) and remote sensing data (83.4). Then, model
Elevation data was obtained in May 2003 using an electroniccalibration, model validation and the sensitivity analysis are
Theodolite (T.1 1600 series) during a detailed survey of Niakadescribed in §3.5, §3.6 and §3.7 respectively.
pond located in the main stream of the Ferlo valley and Furdu
pond located outside (Fig. 1). Points were surveyed with a 2.1 Hydrologic model description

to 5m horizontal spacing and then interpolated on a regular
2m grid. A daily water balance model is used to predict volume, sur-

face and height of temporary ponds of Barked;ji study area
(Fig. 2a). The relation between water volume, surface and
height of a given pond depends on the 3-D shape of that
pond. Itis modelled here by two simple volume-depth/)

and area-depthA-i) empirical equations that are described

Hydrol. Earth Syst. Sci., 14, 1449-1464, 2010 www.hydrol-earth-syst-sci.net/14/1449/2010/
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Table 1. Summarized characteristics of the data used.

Data Acquisition Complementary information Sources
date
Rainfall data from — From Daily data collected from a station lo- IRD (France), CIRAD
a meteorological 01/07/2001to  cated in the Barked;ji village centre (France), ISRA (Sene-
station 31/10/2001 gal)
— From
15/06/2002 to
31/10/2002
Rainfall data from — From Daily, 27x 27 km pixel size NASA Goddard Earth
TRMM satellite 01/07/2001to  Joint US-Japan satellite mission to Sciences Data and In-
(3B42-V6) 31/12/2001 monitor tropical formation Services
— From and subtropical precipitation Center
15/06/2002 to
31/10/2002
— From
01/06/2007 to
31/12/2007
Water heightdata  — From — Furdu, Mous2 and Mous3 ponds IRD (France), CIRAD
01/07/2001to  — Barkedji, Furdu, Mous2 and Mous3 (France), ISRA (Sene-
31/12/2001 ponds gal)
— From
15/06/2002 to
31/10/2002
Pond map 04/08/2005 Derived from Quickbird images 2.47 m CIRAD (France), IRD
20/08/2007 pixel size, (France), ISRA (Sene-
Bands: B, G, R, NIR * gal).

2005: used for the extraction of the
maximum surface of each pondAmax
2007: used for validation of pond areas

DEM (ASTER) 2009 30 m pixel size METI (Japan), NASA
(USA)
Detailed DEM May 2003 Furdu and Niaka ponds IRD (France)

(2m pixel size)

* B: Blue; G: Green; R: Red; NIR: Near Infrared.

in more detail in the next paragraph. The general volumetricwe did not model extensive flood events which are very un-

water balance of a pond is given by: usual in the study area. The formulation proposed by Girard
g (1975) was used foDj,(#) estimation, as it is considered
= P(t) A()+[0in(t) — Qout()]— L A() Q) particularly suited for studying small catchments of less than

dr 100-150 kmd located in the Sahel region (Dubreuil, 1986).
QOin(?) is written as the product of a runoff coefficier (),

The first term is the contribution from direct rainfall, ex- the effective rainfall £,) and the catchment area():

pressed as the product of rainféllr) and water body sur-
face aread(r). Qin is the runoff volume of inflowsQqut Qin() =K, P.(1) A, (2)

the runoff volume of outflows andl the water loss per unit

surface area through evaporation and infiltration. The modellhe soil capacity to runoff was supposed uniform over the
was implemented with a daily time step. For the study, eactstudy area, and defined by a constant coefficient. This
pond was considered a closed water body, and it was assumé@nstant takes implicitly into account the losses due to evap-
no hydrological connexion between pond(;=0). Thus otranspiration and infiltration in the catchment area.

www.hydrol-earth-syst-sci.net/14/1449/2010/ Hydrol. Earth Syst. Sci., 14, 1449-1464, 2010
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and lakes (Gates and Diessendorf, 1977; O’Connor, 1989;
Bengtsson and Malm, 1997).

A= Sy (/o The empirical relation between pond ardaand water
depthk, and that between pond voluméand water depth

h, are given in Egs. (6) and (7) respectively:

Direct rainfall Evaporation Depth-Area curve

Outflow

o
£
3
Q
/ -
C—
1
\
¥
Water area

A-hand V-h relation

Water height h (t) o
At)= So | — 6
(a) Infiltration (b) ( ) 0 ( I’lO ) ( )
. . . . +1
Fig. 2. Schematic representation of the hydrologic mo¢) Water _ h(t)\* . _ Soho
balance model(b) Area-depth relation. Vin="Vo with Vo = a+1 ()

The effective rainfall £,) corresponds to the part of the whereA(r) is the pond area at time
precipitation that produces runoffP, is calculated as fol- 4 (z) is the pond water height at time

lows: So is the water area fokp= 1 m water height in the pond

_ _ (Table 2),
Pe(t) =max{P ()= G(1),0l () a is a shape parameter representative of the slope profile (Ta-

In Eq. (3),G (1) is a variable which can be interpreted as a ble 2), .
threshold rainfall value over which runoff can occair) is ~ V(¢) is the volume of the pond at time
defined by the difference between its maximum valyg,, Vo is the volume foro=1 m water height in the pond.

corresponding to a dry soil, and an Antecedent Precipitation o
Index (lap): 3.3 Estimation of pond shape parameters

G(t) = maX Gmax— lap(t), O] (4)  The parameters andSo were estimated for each of the two
sets of ponds using the detailed bathymetry from Niaka and
The Iap Index (Kohler and Linsley, 1951) is a weighted sum- Fyrdu ponds, assuming that they are representative of the
mation of past daily precipitation amounts, used as an inponds of set 1 and set 2 respectively. Using a Geographic
dicator of the amount of water in the soil and calculated asinformation System (GIS) water area and water volume were
follows: calculated for several depths from the detailed DEM (Nilsson
_ etal., 2008) of the two pondsy anda parameters were then
lap(t) = [Iap(t =1+ P = D] k () estimated by fiting Egs. (6) and (7) with the DEM derived
wherelap (t — 1) is thelp index at the time step ¢ 1),k is ~ water area and water volume. As error function to be min-
a dimensionless coefficient between 0 and 1 expressing thiénized, we used the root-mean-squared error (RM8g,)
soil moisture decrease with time, a®dr — 1) is the rainfall ~ defined as:
at time stepf(— 1). Because of the high spatial variation of L
the precipitation events in the Sahel, thg(¢) index is also _ . 2
spatially variable within this region and,g(as such, cannot be ¢ Zzl(AObS(l) ~ Asim(®)) ®
compared between sites (Anctil et al., 2004).

Except during important rainfall events, water losses inwhereAqpsis the area calculated from DEM, addi, is the
such areas are known to be mainly due to evaporation (Pueclarea given by the power function, andis the number of
1994). During rainfall events, infiltration could be important data points.
only when water level rises above the clogged area located
at the bottom part of the pond (Diop et al., 2004; Porphyre3.4 Estimation of catchment areas

et al., 2005). In this study, we followed Joannes (1986) and

Puech (Puech, 1994) in assuming that water losses can He' €ach pond of the main stream (set 1) characterized by an
simply summarized through a constaint All parameters important runoff, we calculated the catchment area from the

and variables of the model are summarized in Table 2. ASTER DEM using a GIS.
Outside the main stream, where ponds are generally

3.2 The volume-area-depth model smaller (set 2), slopes were too flat to be detected in the
available DEM. For these ponds the catchment areas were

We used two simple volume-depth {#) and area-depthA- empirically estimated as times the maximum water surface

h) equations to assess the volume-area-depth relations @frea Amax) of the ponds (Table 2) as follows:

the ponds of the study area (Fig. 2b). Such mathematical

relations have been used with efficiency during modellingAC =1 Amax ©)

studies on temporary ponds (Puech, 1994; Hayashi and Van

der Kamp, 2000; Nilsson et al., 2008; Annor et al., 2009)

Hydrol. Earth Syst. Sci., 14, 1449-1464, 2010 www.hydrol-earth-syst-sci.net/14/1449/2010/
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Table 2. Parameters and variables of the hydrologic pond model.

Parameters and variables ~ Value/Range dfnit Reference
values/
equation
Input variables
P Rainfall O< P <0.045 mday? Field survey
State variables
1% Pond volume Eq. (1) m
A Pond surface area Eq. (6) ’m
h Pond water height Eq. (7) m
Parameters
Ac Catchment area 0-150 Km (Dubreuil, 1986)
K, Runoff coefficient 0.15-0.40 dl* (Girard, 1975)
o Water body shape factor 1-3 dl (FAO, 1996; Puech and
Ousmane, 1998)
So Water body scale factor Depending onm? (D’At de Saint Foulc et
the water al., 1986)
bodies
Gmax Rainfall threshold value to 10-20 mm day1 (FAO, 1996)
start runoff in dry soils
L Water losses per day 5-20 mm d&y (Piaton and Puech,
1992)
k Dimensionless coefficient 0-1 dl (Heggen, 2001)
expressing the soil mois-
ture decrease in time
n Number of times the 1-20 dl See calibration

catchment area of a small
pond is larger than the
maximum pond surface
area

*dl: dimensionless

3.5 Model calibration

For set 1, the model was calibrated using 2002 gauge rainfall
and water height field data of 2002 from Barkedji pond. For
set 2, the model was calibrated using 2001 gauge rainfall and
water height field data from Furdu. The model was compu-
tationally not expensive and it was possible to perform a sys-
tematic exploration of the input parameter space (Table 3).
All possible combinations of parameter values in a range of
values based on published literature (Table 2) but pertaining
to similar sahelian regions, were considered.

For the calibration criteria, we used the coefficient of effi-
ciency (Nash and Sutcliffe, 1970) which is expressed as fol-
lows:

m_ (Xobs(i) — Xcal(i))2

m_ (Xobs(i) — Xobs(i))?
with m = number of observed data

Table 3. Calibration experimentation plan.

1455

Total number of runs: 832 000

Parameters Min  Max Step Nb
K, 0.17 0.30 0.01 26
Gmax(mmdayl) 13 16 1 10
k 01 06 01 10
L (mmday 1) 10 16 1 16
n 1 20 1 20

3.6 Model validation

water height data. Nash-Sutcliffe efficiencies can range from
-0o to 1. The closer the coefficient of efficiency is to 1, the
more accurate the model is.

where Xobs is the observed water height data; Xcal is calcuThe model was run for 2001 and 2002 rainy seasons both
lated with the model andobs is the average of the observed from rain gauge and TRMM rainfall data. For the year 2007,
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Fig. 3. Water area and water height relations for Niaka and Furdu ponds, Barkedji area, Ferlo region, Senegal.

rain gauge data were unavailable, and model simulation wagiven parameter on the simulations. A megari,(calculated

run only with TRMM rainfall data, from 1 June 2007 to 31 on absolute values) and varianee) can then be calculated

December 2007. from that distribution. A high mean indicates a parameter
The validations were carried out in two steps. First, onwith an important effect on the output, whereas a large vari-

water height, internal validation was performed on Barkedji ance indicates either a factor interacting with another factor,

pond, and external validations on Furdu, Mous 2 and Mous 3r a factor whose effect is non-linear. Three outputs have

ponds, with 2001 and 2002 water level and rain gauge dailyoeen tested: (1) the cumulated water height, (2) the maxi-

measurements. Then, simulated water areas were compargagum water height and (3) the occurrence of the first peak in

to water areas obtained from the 20 August 2007 Quickbirdwater height.

image. To evaluate the quality of the simulations, Nash co-

efficients (Eg. 10) were computed from simulated and ob-

served water height temporal profiles, and a RMSE (Eqg. 8)4 Results

was calculated between simulated and observed water aregs

of the 98 ponds, on the date the Quickbird image was ac- "

quired.

1 Spand« estimations for V-A-#h relation

The power functions that approximate theh relations of

the Furdu and Niaka ponds are shown in Fig. 3. The two
ponds are small and that is reflected in the range of the scal-
ing constanty. The parameter has low values, 1.86 for Ni-

aka and 2.58 for Furdu pond which indicate that the depres-
sions have a reasonably smooth and near-parabolic shape. In
Niaka slopes are weaker than in Furdu. Errors between the
observed data and values calculated by the power function
are much more important for Niaka pond especially for wa-
ter levels above 1.5m.

3.7 The sensitivity analysis

A sensitivity analysis (SA) was carried out to assess the sen

sitivity of the model to the main model parameters, namely,

the size of the catchment arda (and indirectlyn for ponds

of set 2), the pond shape parametess &nd o) and the

other parameters obtained by calibratid®). { Gmax, k, L).

The method used is the OAT (one-factor-at-a-time) Morris

method (Morris, 1991), as revised by Campolongo (1999).

The new method, in addition to the “overall” sensitivity mea- 42  Catchment areas 4.)

sures already provided by the traditional Morris method, of-

fers estimates of the two-factor interaction (Campolongo andThe catchment areas of the largest ponds of the study area

Braddock, 1999; Saltelli et al., 2004). The parameters andset 1) were delineated using the ASTER DEM (Fig. 4). In

their ranges used in the analysis are shown in Table 3. Theotal, 6 catchments have been extracted, with sizes ranging

variation space of the pond shape paramefgrando was  from 30 to 1107 ha. All catchments are located on the north-

defined by their value estimated from field data (see §3.3)rn side of the valley where slopes are higher, around 5-8%.

£+10% and a uniform distribution. In the southern part, slopes are around 0—-1% and the small
Sensitivity estimates of the total effects due to a single pafonds are numerous.

rameter are produced by sampling the whole parameter space For the ponds located outside of the Ferlo main stream

and obtaining a distribution of the elementary effects of a(set 2), the catchment areas were empirically estimated as
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Table 4. Model parameters values resulting from the calibration
phase.

Parameters Barkedji (set 1) Furdu (set 2)
K, 0.21 0.19
Gmax(mm day1) 15 15

k 0.4 0.5

L (mmday 1 15 12

n - 10
Nash coef. 0.82 0.87

times the maximum water surface area of the ponds. A value|
of n=10 was obtained during the calibration phase (Table 4). |}
Thus, the mean catchment size was £2with a maximum :
of 381 n?.

— 1Kilometers

4.3 Model calibration results
Fig. 4. Catchment area delineation using ASTER DEM. Ferlo val-

The K,, Gmax k and L parameter values were estimated '€y, Senegal.

from model calibration for the two sets of ponds. High Nash-

Sutcliffe values were obtained (Table 4). The result of the ] o

calibration gave an optimal Nash-Sutcliffe coefficient of 0.82 correlation was not significant for the smallest pond, Mous 2

(set 1) for Barkedji pond in 2002 and 0.87 (set 2) for Furdu With a Nash-Sutcliffe coeffl_ment of 0.42. Rain gauge mea-

pond in 2001. It could be observed that parameter valuesurements and TRMM estimates of 2002 are compared in

obtained for the two sets are very similar. Fig. 6, which also shows water height simulations obtained
Figure 5 compares model simulations of the different fill- for Furdu and Barkedji. Rainfall statistics of rain gauge data

ing and emptying phases with water level records. It could@d TRMM estimates are compared and shown in Table 6

be observed that the model simulates well the first rain event&d Fig. 6. TRMM is found to underestimate maximum and

for Furdu, whereas the first peak rainfall is overestimated fortotal rainfall, whereas rain gauge may miss rain events that

Barkedji pond. Moreover, the water losses seem to be unde@'€ captured by TRMM.

estimated for the emptying phase for Barkediji. S
4.4.2 Pond water area estimations

4.4 Model validation results
Pond areas simulated for 20 August 2007 were compared
4.4.1 Pond water height estimations with pond surface areas obtained from the QuickBird image
of the same date. That image did not cover the whole study
Because of the lack of water level records for Barkedji in area, and only 71 ponds were concerned. The result (Fig. 7a)
2001, only an internal validation was possible. For set 2shows significant correlations with a coefficient of determi-
ponds, validation of model simulations using rain gauge in-nation ¢2) of 0.89. A better fit was observed for the larger
puts showed high Nash-Sutcliffe coefficients for both rainy ponds of the study area. In Fig. 7b, surface area underesti-
seasons 2001 and 2002, with higher values in 2001. Thesgation for some ponds could be observed.
values are given in Table 5, which summarizes the validation
of model simulations using either rain gauge or TRMM asin-4.5 Sensitivity analysis results
put. Higher Nash-Sutcliffe coefficients were obtained for the
larger Furdu and Mous 3 ponds with respectively 0.83 andFrom the graphs shown in Fig. 8, different groups of parame-
0.73in 2002. A lower correlation was observed for Mous 2, ters can be distinguished: a first group of parameters with low
the smaller pond, with 0.67 in 2001 and 0.66 in 2002. w* ando values indicating a low effect on the outputs and a
With TRMM rainfall estimates as model input, water linear relation without interaction; a second group with inter-
height was not well simulated for all ponds during year 2001 mediateu* values around 0.5 and with lowvalues indicat-
and particularly for the smaller Mous 2 and Mous 3 ponds.ing a linear relation without interaction; and a last group with
However, for the rainy season 2002, results were acceptablligh u* ando values in which the parameters have a signif-
with Nash-Sutcliffe coefficients of 0.73, 0.66 and 0.55 for icant effect on outputs and show some interactions or non-
Furdu, Barkedji and Mous 3 ponds respectively. Again, thelinear effects. Overall, it can be observed that all parameters
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Fig. 5. Comparison of pond water height simulation (in red) using input parameters obtained from calibration, with water level records (in
black) for Barkedji pond in 2002 (left) and Furdu pond in 2001 (right).

have an influence on outputs, meaning that the model reacts.1 Model calibration
consistently with the hydrological processes modelled and
that it could not be simplified with the elimination of more The runoff coefficient(K,), the rainfall threshold value to
parameters. For the three outputs considered,K, and  start runoff in dry soils Gmax), the coefficient expressing the
So are the parameters having the least effects, whereas thos®il moisture decrease in timé)(and the water losses per
having more significant effects ake GmaxandL. day (L) were separately estimated from model calibration

On the output sum of simulated water height (Fig. 8a), for the two sets of ponds: those inside (1) and outside (2) the
three groups of parameters can be identified: those with lesmain stream of the Ferlo River. The valuesca$ lower (0.4
effects (A, Sp andK,), or with moderate effects¥{nax, L, and 0.5 for set 1 and set 2, respectively) than the usual values
«), andk having the most effect on the output, with no inter- ranging between 0.80 and 0.98 (Heggen, 2001) This result is
action with other parameters. For the maximum of simulatedconsistent with the work of Girard (1975), who showed that
water height output (Fig. 8b), parameter groupings are althis parameter takes lower values in the Sahelian region be-
most the same, except fGhmax being the parameter with the cause of a high evapotranspiration potential (around 250 mm
most effect on the output and no interaction with other pa-per month). Moreover, the values obtained were very similar
rameters. For the third output (Fig. 8c) which is the date ofbetween the two sets of ponds. The main difference was ob-
the first peak in water height, the influence of the parametersained forL, which is lower for set 2. An explanation could
are negligible or low, except fdr and theGmax. These two  be that because the ponds located outside the main stream
parameters related to runoff have an important effect on theare smaller, when water decreases, the clogged area located
output, with high values ot * ando. These suggest that the at the bottom part of the pond, where infiltration is less im-
two parameters may be correlated or have a non-linear effegtortant (Diop et al., 2004; Porphyre et al., 2005), is reached
on the output. Conversely, parameters related to the pondnore rapidly.
shape have no influence.

5.2 Estimation of pond shape parameters
5 Discussion The shape of any pond of our study area was summarized by
In this paper, a simple hydrological model was used to sim—the two paramgters of a power lasy gnda. These param-
ulate daily water level variations. With the use of remote et_ers were est|mated_from the detailed DEM of two pond_s,
sensing data (Quickbird imagery, ASTER DEM, and rainfall Niaka and Furdu, which were assumed to be r_epresentatwe
of set 1 and set 2, respectively. This assumption could not

data from TRMM satellite), the application of the model to o . . )
the ponds (98) of the study area gave fair results both f0|k.)e verified W|th.appropr|a_1te DEM data. However, valida-
tion results carried out with water level records on several

water height and water area predictions. ponds, combined with a sensitivity analysis that reveals a
low to moderate effect oy ande on model outputs, sug-
gest that the assumption was acceptable. In this way, the
model could be applied to all the remaining ponds for which
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Fig. 6. Comparison of water heights field data (in black) with water heights simulated data from gauge rainfall (in red) and TRMM rainfall
data (in green). Day 1 = 15 June 2002.

Table 5. Nash coefficients for comparing water height simulations and measurements (in italic: values obtained when measurements were
also used for calibration).

Pond Max area  Rainfall data from gauge Rainfall data from TRMM
name (n)

2001-2002 2001 2002 2001-2002 2001 2002
Barked;i 336211 - - 082 0.66
Furdu 10005 0.87 087 0.83 0.61 039 0.73
Mous 2 500 0.70 0.67 0.66 0.30 0.06 0.42
Mous 3 3340 0.83 0.84 0.73 040 0.06 0.55

a detailed DEM/bathymetry were not available. The differ- field. Overall, the SA showed th&tnax, kK andL are the pa-
ences between the observed data and values calculated by themeters with the most effects on model outputs, and which
power function are low for Furdu pond (set 2). They are morehave to be well estimated. Conversely, topographic parame-
important for Niaka pond, where the error induced in the es-ters (catchment area estimation and pond shape parameters)
timation of the surface from the height estimation may reachhave less influence, suggesting that the errors in estimating
5 ha for Niaka pond for water heights of about 2 m. However, catchment area from ASTER DEM, or from pond maximum
for this pond, maximum water height is about 1.2 m (height surface area, may not be too penalising. Moreover, as stated
observed in 2003 which was a particularly wet year), imply- above, this justified the application of the shape parameters
ing that at 2 m water height, we are probably outside Niaka(Sy and«) to all ponds of the study area, although they were
pond. estimated from field data only for two ponds assumed repre-
sentative.
5.3 Sensitivity analysis

The sensitivity analysis (SA) was very useful to point up
which factors are to be more accurately estimated on the
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Table 6. Comparison between rain gauge and TRMM estimates for 2001 and 2002.

Daily max Total Number of rainy days Nash R

(mm)  (mm) &1 mm)
TRMM 2001 44 360 27
Gauge 2001 45 416 o7 003 0.58
TRMM 2002 30 239 23
Gauge 2002 44 297 oo 0-28  0.46
a) b)

200000

RMS error = 7750 m?
R*=0.89
160000

120000

80000

Water areas from Quickbird (m2)

40000

Quickbird imagery @DigitaiGlobe
Simulated water area Date acquisition: 04-08-2005

*In red, ponds inside the main stream (setl) I Water area extracted from the Quickbird RGB: PIR Red Green
In blue, ponds outside the main stream (set2)

Simulated water areas (m?)

Fig. 7. Comparison of observed (Quickbird imagery, 20 August 2007) and modelled water(@a)éasphical representation of the observed

water area derived from Quickbird imagery versus modelled water areagbphthp of the observed (in blue) and modelled (in yellow)

water areas, Barkedji, Senegal. To represent simulated pond surface areas on the map, a buffer was applied to the observed pond polygor
to trim them to the simulated surface area. The thickness of the buffer to be applied for each pond was determined by calculating the pond
radius as/(A/x), with A the simulated surface of the pond.

5.4 Model validation have estimated that on average, 26% of the surface area do
not receive rain. The rain events missed by the satellite have
The validation phase showed good agreements betweean important impact on water height estimations and partic-
model outputs (water levels and water areas) and observedlarly during the filling phase (see Fig. 6) which determine
data. For the years 2001-2002, water height simulathe maximum volume of the pond for one rainy season. As
tions from rain gauge data showed good results for Furdushown in the sensitivity analysis, the model is sensitive to
(Nash=0.87) and Mous 3 (Nash=0.83) which are ponds ofand Gmax Which are used in the calculation of inflow runoff.
similar size, and also for Barkedji (Nash=0.82) the largestThis could explain that less rain or missed events could have
pond. For Mous 2 which is much smaller (508)mthe re-  important consequence on the water height simulations.
sult is less significant but still acceptable with a Nash coef- When comparing with pond water area extracted form the
ficient of 0.70. The simulations using TRMM rainfall data 20 August 2007 Quickbird satellite image, model simula-
are acceptable for the rainy season 2002 for Furdu pondions are found to underestimate observed values (Fig. 7a).
(Nash=0.73), Barkedji (Nash=0.66) but very poor for the One explanation could be that, as for the 2001 and 2002 rainy
rainy season 2001. This difference may be due to an imseasons, daily rainfall is underestimated in TRMM data.
portant underestimation of the rainfall TRMM satellite, es- However, good correlations were obtained for the ponds in-
pecially for the year 2001100 mm recorded by TRMM side the main stream (set 1) and weak ones for the ponds
compared with the gauge) and missed rain events due to raireutside the main stream (set 2), especially those with max-
fall spatial heterogeneity that characterize the Sahel regioimum water areas less than 4008.nThat could partly be
(Ali et al., 2005). At the rain-event scale, over an area cor-explained by the uncertainty related to the watershed delin-
responding to a square degree, D’Amato and Lebel (1998gation and to the pond shape parameters. But, regarding the
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Fig. 8. Results of the Morris OAT sensitivity analysis for three model outp{gscumulated water heigh¢b) maximum water height and

(c) occurrence of the first peak in water height. The graph represents the average of elementary effects in absolyt&)\aduesd{ng to

their standard deviatiorr() to model outputs. The red lines delimit the space in three types of parameters: i) those with negligible effects
(n* <0.1), ii) those with linear effects on the output, and without interaction between paranaet€rd}, iii) those with interactions and/or
nonlinear relationshipu* >0.1 ando >0.1).

results of the SA (Fig. 8), the analysis shows that those fac5.6 The use of remote sensing data

tors have a small influence on outputs, whereas other factors

such as the threshold runoff value have much more influencen our study area, the use of very high spatial resolution im-
The model shows that the smallest ponds are empty whileégery (Quickbird) was required to locate and estimate pond
they were not supposed to be, suggesting thaGthgvalue  surface area, including the smallest ponds100 nf (Soti

could be too high for these ponds. et al.,, 2009). But because of a common compromise be-
tween spatial and temporal resolution of Earth Observation
5.5 Model simplifications and possible improvements Systems, such sensors may only provide few images a year

o ) _and are inappropriate for a daily follow-up of water areas.
Our objective was to develop a simple and robust model ingyr results however showed that coupling hydrologic mod-
a context of data poor areas; thus, different simplificationsg|ling with remote sensing is relevant when assessing the
have been made. In particular, the pond emptying model ispatio-temporal dynamics of water bodies in the Sahelian
extremely simple as it assumes that the water level decreasgggion, The SA showed that the catchment area parameter
constantly with time.  If additional data were available our giq not have a large effect on model simulations. Never-
model could be refined to take into account temporal changegeless, the use of ASTER data (pixel size 3030 m) for
in evapotranspiration which is affected by air temperature catchment area estimation of the larger ponds significantly
humidity and wind speed. Another improvement could beimproved the simulations in comparison with those obtained
to take into account the infiltration decrease in the cloggedyreviously (not shown) with the Shuttle Radar Topographic
area (Porphyre et al.,, 2005). Nevertheless, this would imply\jission (SRTM) DEM (pixel size 90 m90 m). For such ar-
estimating the height of this area for each pond, dependingas characterized by low elevation, it was almost impossible
on soil properties. In our study, we assumed that the rainfalk, extract pond catchment area with the SRTM DEM.
was uniformly distributed over the study area; this assump-  The model was first run using gauge rainfall measurements
tionis obviously notjustified, but, again, this simplification is o jnput, but because of the difficulty to have gauge measure-
compatible with the simplicity of the model and the available yents wherever necessary, we tested rainfall estimated from
data. Rainfall measurements from only one rain gauge wergie|iite as model input. Given the spatial heterogeneity of
used. All the ponds were within 8 km from the rain gauge [0- e rain events (Balme et al., 2005, 2006) that characterizes
cation. But ponds for which water level measurements wergy,q study area, an under- or overestimation of TRMM rain-
made, and on which validations were carried out, were withing,| (Fig. 6) against the rain gauge is not surprising because

3km. By using a dense network of rain gauges near NiameyrpvM data averages rain events occurring in a 0:25.25
(Niger), Taupin (1997) showed that rainfall variability in the giq  climate model are far from resolving the small scale
Sahel could in fact be high even at a sub-kilometre scaleiapility of rainfall (Balme et al., 2006) and results of the
This simplification may explain some of the discrepanciesgimation with 2001 rain TRMM data showed that rain es-
between observed and simulated water heights. timates by TRMM satellite are yet too inaccurate to be di-
rectly used to force fine scale hydrological models (Vischel
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et al., 2009). Our simulations showed mixed and irregular6 Conclusions
results especially for water heights with clearly better results

for year 2002. In this paper, a simple hydrologic pond model was developed
o and applied to all ponds of the study area located in the Ferlo
5.7 Application of the model Valley, North Senegal. Remote sensing data were used to

) . . o estimate some of the model parameters: a Quickbird image
This pond modelling work was carried out within the con- a5 ysed to locate and estimate the maximum surface area of
text of a wider study on the Rift Valley Fever, a mosquito- yater podies and the ASTER DEM was used to delineate the
borne disease that affects ruminant herds which rely mostlyyatershed of the larger ponds. Rainfall estimated from satel-
on ponds for water in the semi-arid Sahelian zone of northern);;o (TRMM data) as model input was also tested in compar-
Senegal. The dynamics of water height and surface area qfqn, with gauge rainfall measurements. Results showed the
the ponds largely determine the dynamics of mosquito abunyssipility of successfully assessing the spatial and temporal
dance around the ponds. Thus, the need to develop a Simpignamics of pond water levels and water areas in a homo-
model was to bg able to simulate pond water dynamics aCClgeneous area with a simple hydrologic model coupled with
rately enough (i) to subsequently help understand the dynamsyellite imagery. Our method is particularly suited to the
ics of mosquito abundance, and (ji) to better assess changingyntext of remote and data poor areas.
water availability for moving herds. With respect to these

objectives,_ t_he results of the validation phase can be_ ConSidAcknowledgerrmts. This research was funded by the EDEN
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