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ABSTRACT - This papwr presents approaches we developed for the spatiod and temporal monitoring of
evapotranspiration and irrigation of coreals in semi-ard regions surrounding the Mediterranean basin, The fest
site covers @ 3 x 3 bm? area located in the plain of Marrakech (Moroceo) where whear crops v domingne, Tao
methodologies of coupling evapotranspiration models and remote sensing date were compared, They vesult in
estimate af plamt maximal ranspiration and water requiremeants corresponding to crop cveles observed by time
series of satellite data. The fwo approgches were tested using eight high spatial resolution images acguired by
HRVIR sensor onboard SPOT satellite during one agricultural season. The spatialivation method owllines the
spatio-temporal patterns of orop developmeni. The aisociated maps of sedsonal evapotranpiration appear
consistent with rainfall end irvigation featuves. These maps can provide with g saiteble overview of plant warer
consumption as well as deficit in supply of irrigation water. The drawbacks and advaniages of each approach
are finally discussed, as well as the perspectives on improvenent and validation of these firss resuly,

1 INTRODUCTION

The SUD-MED project aims at monitoring water
resources over Mediterrancan semi-and regions by
coupling ground truth, process models and satellite
migasurements. The test area is the water catchment of
Tensift river that covers about 30.000 km® around the
Marrakech city in Morocco, The climate is arid © a low
and irregular pluviometry (= 240 mm'vear) contrasis
with a very high potential evapotranspiration (= 2 400
mm'year), Hydrological processes SIOWTaIn
partition, snowmelt, surface and sub-surface mnoffs —
stresse the water budget om the Atlas mountainous
region, while wvertical exchanges dominates in the
plain. On irrigated arcas covered with cereals and
orchards (olive and omange trees), the importanl terms
to be known are mamfall, imgation, drgnage and
Cvapoiranspiraiion.

Thes paper presenits two methodologies we developed
in order to monitor evapotranspiration of cereals crops
in the fat open country surrounding Marmkech, We
focus on the possibilines offered by nme senes of high
spatial resolution (20 m) satellite data and coupling
with cvapotranspiration models. The analysis s
performed from eight images scquired by the HREVIR
sensor onboard SPOT-4 satellite over a 3 x 3 km? test
sile where wheat is predominant. Firstly, image
classification was used to discriminate imigated ficld

and cluster them according 1o crop cyele patterns, This
processing also penmis to extract major phenolosical
features and track the inira- and inter-class vanability
in plant development. The impact of this vanability is
investigated using two models to monitor the surface
water budeel. One 13 based on a crop process model
(STICS, Brisson et al. 1998) in order to simulate plant
maximal evapotranspiration. The other was developed
by the FAQ (Allen, 1998) to assess crop waler
requirements. In both case. we present maps of
cumulated  evapotmanspiration  for  the  2000-2002
agricultural season. These maps were established
through remote sensing data by doving phenological
stages and calibrating the time course of Leaf Area
Index (case of STICS model). They are suitable to
estimate the scasonal evapoiranspiration averaged over
ficld or countryside. In addition, they could mdicate
the level of extreme deficlt i supply of mgation
waler.

2 MATERIAL AND METHODS
2.1 Processing of Satellite Data

A3 x 3 km? test site where wheat crops is predominant
was selected within an arca managed by the "Office
Régional de Mise en Valeur Agrcole du Haousz'
{ORMYAH, which is the regional authority for
planming and srrigation of agriculture in the Marrakech
plain). Durmg the 2000/2002 agnculivral scason, a
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progrvmming request for the HRVIR sensor onboard
SPOT-4 sateliite resulted in the scquisition of eight
high spatial resolution (20 m) optical data. Thanks to
the Mt topography of the lest site, peometnc
corrections  allowed  superimposibon  of  umoages
possiblie with & good accuracy. Surface reflectances in
red and nearinfrared bands were calculated by
performing  calibration and - atmospheric - correction

using a code adapled from the SMAC procedure
{Rahman and Dedicu 1994). Finally, the Normalized
ifference Vegetation Index (NDWVI, Rouse et al,
5974} was computed.

An unsupervised classification of the eght NDWI
images allowed 10 define 15 classes (Fig.l). Ome
among them s predominant and covers up 1o 353% of
the total surface, This class featured systematically
low NV values (around 0.13). 1t inclodes crops that
farmers could not imgate this yvear and was removed
of our analysis, A visual analysis of KDV bme senes
led 1o exclude twio other minor classes (covering less
than 2% of the tofal surface). These two classes
exhibited very high and nearly constunt values, which
were found incompatible when compared 1w wheat
typical sensonal sighatures. Over the remaiming 13%,
the time courses of NDV] satisfy expecied irjectories

2.2 Approaches for Estimating Evapotranspiration

The first approach is based on the STICS model
(Brisson et al, 1998-a and 2002), which was
conceived as a simulation tool able to work under
actunl agriculiural conditions. Although the model was
chosen for s shilities 1o estimate yields and
environmental bodgets (water, fertilisers), we were
interested here i the resistive scheme that estimates
latent heat Muxes (Brisson ot al. 1998-b Shuttleworth
and Wallace 1985), A sensitivity analysis has pointed
out  the major parumeters that et upom
evapotranspiration : humidity at field capacity and at
wilting point, apparent soil density, sowing date. date
of maximum Leaf Area Index (LAID and maximum
rate of LAT semng up. The three lafer can be derived
from remote sensing data, since WOV and LAL are
highly cormelated. Soils properties were determined
through the analysis of soil maps provided by
ORMVAH and pedo-transferi rules (Jensen 1990) :
high clay content was found, joined with a 15% value
for the sotl water content available for roots uptake. To
run the model ot a daily step, a climatology was built
from three years (1999-2001) of dat acquired at the
ORMVAH wesiher station located 300 km Norih of the
test site. Only rainfall dota actually comrespond to the

for irmigated cereals, although a wide rnge of patterns
were observed. To track this variability, 12 classes
were considered and, for each class, three scenario of
crop development were buill. Our idea is twofold :
Iy consider & mean scenario in order to provide ficld
and ares averaged estimates of crop development and
evapatranspiration, 1) analyse the difference between
miimum and minimem scenano in term of extreme
case of water deficit. Mean growth conditions were
obtaimed by averaging the NDVI over the class, while
minimal and maximal conditions correspond o the
pixel of the class where the temporal sums of KDV
are respectively the lowest and the highest. This
processing ullows to define 36 cases  that encompass
all agriculiurnl practices over the tesi site, Figure 2
illustrates the resull of this processing for class 12
where the NDVI seasonal signature 15 charcienstic of
weell-watered plants.
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Figure 2. NDVI tme senes derved from
SPOTHRVIR images associasted 1o minimum
(diamonds), mean (circles) and  maximum
(trinngles) scenario of crop development, The
lines highlight sinus curves are together with
sinusoidal curves that were fined on NDVT time
series (see the 2.3 section),

The second method, developed by FADQ (Allen 1998),
is hased on the concept of reference evapotranspiration
(ET0) that ablows to study the evaporative power of
the stmosphere independently of crop type, crop
development and agricultural practices, The reference
surface is an ‘hypothetical’ extensive green grass
actively growing (with adequate water) and
compleiely shading the ground. This deseription is
linked with assumptions on physical variables that
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lead 1o unambiguous definition and derivation of ETO
through the so-called FAD Penman-Monteith equation
(after Penman 1948 opnd Montheith 1985). Only
climatic  parameters  affect the  reference
evapmranspiration, which have been caloulated from
the above-mentioned weather data sct, For other crops,
the evapotrinspiration under standard  conditions
(ETC) comesponds o disense-free-and well-fertilised
plants that ‘hypothetically” grow under optimum soil
water conditions for achieving full production. ETC is
obtmined by multiplying ET0 with a  cultural
coefTicient that varies sceonding 10 phenological stages
with the distinction of initial (from sowing to 10%
growth cover), mid (from effective full cover 1o the
start of maturity) and late season (until harvest or full
senescence). Note that the effective full cover is also
defined as the date when LAI reaches 3. Thus, it
seems relevant that remotely-sensed optical data can
coninibute to mifer crop cocfficients and run the FAO
model.

2.3 First nnalysis of satellite duta

From the previous discussion, we reached the
conclusion that two kinds of parameters - LAI and
phenological stages — both appear crucial for
modelling  evapotranspiration and  derivable  from
optical satellite data. In order o facilitate their
retrieval and to drive the FAO approach at a daily step,
sinus curves were fitted on each NDVI time ‘series;
The corves abtamned for each growth scenaro within
‘class 12 gre given in Fig2 They are determined by
three parameters © the date when NDVI begins o
increase, which roughly coresponds 1o plant
emergence ; the amplitude, which provides an index of
maximum crop vigour ; the date when KDV stops 1o
decrease, which indicates hurvest or full senescence,
By comparing the latter with the day of emergence,
the length of crop eycle ean easily be estimated,
Figure 3 {next poge) displays maps where these three
parameters were obtained class by cliss considering
mean growih condifions (the sinus curves were fified
on time courses of NOWE afler spatial averaging over
cach class), These mops provide a quick and synthetic
overview of crop development on the test site for the
200172002 agricultural seazon, A simple analysis of
this figures suggests that growth was weak and
imegular. Amplitudes. are always lower than (.55,
while the seasonal dynamics of NDWI may be
penerully higher for well-watered cereals (gee the case
of maximum growth condition for class 12 in Fig.2).
Crop eveles are generally short, with & median value
of 92 days to be compared with the values collected in
Allen { 1908) than ranges between 105 10 140 days, The
probable cause is the severe droughis from years 2000
to 2002 that have limited doms Glling and therefore

the supply of imrigation water, Furthermore, two
different phenological patterns come up from the map
of emergence dates, acknowledging the fact that NDV|
starts to imcrease either in January-February or in
March-April (blue'green or vellow'red colors in
Figd) The first pattern comesponds 1o that
encountered i the Marrakech plain when rminfall and
imigntion-flooding  events arc normally  distributed.
The second one indicates a delay m ememgence date
due 10 unavailability of water for irrigation and late-
scason rainfall 2.4 Spatinlisation of evapotrinspiration
misdelzs

Figure 3. Features of crop development patiern
extracted from the sinusoidal curves fited on
NDVI time series © seasonal amplitude (up, in
NDVI units), length of crop cycle (middle, in
days), date of plant emergence (boltom, in days).
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The maps previously built from NIDV] times serics
{see Fig.3) provide two usefol phenological features in
order to run the STICS model : 1) the day of
maximum LAI which can be taken as the middie
between emergence and full senescence @ 2) the date of
sowing, which can be assumed to occur 15 days before
emergence according 1o Allen (1998). The most
complex parameter to fit is the maximum rate of LAI
sefting up because the knowledge of LAL is required.
However, sound relationships between NDWI and LAT
have been established on wheat crops. We here
calibrate the one given in Eg.l (after Asrar et al
1984}, assuming that the pixel which displays minimal
and maximal NDVI wvalues (both spatally an
temporally) corresponds  respectively  to bare sl
(NDVIs 013 in Egl) and ‘infinitelv® dense

vegetation (NDWVI. = 094 in Eg.0). Eq.]1 allows us 1o
derive LAL at SPOT-HRV acquisition dates. Retrieved
LAI valees are then used 1o optimise the maximum
rate of LAl setting up by comparing satellite
ohservation and STICS simulation through a Simplex
Algorithm  (Melder  and  Mead  1965)  After
optimisation, the model was run at a daily step. Since
the automatic irrigation mode was activated, plants are
watered as soon as they are stressed. We also assume
there 1 no deficil in soil nitregen content in order to
have plant maximal transpiration.

For the FAD approach, the issue 1o be addressed is the
translation of NDWI curves into time dependent crop
coefficients (Kcl Given Eq.l and the hypothesis of
hmeartty between LA and Ke in the FAQ method, we
can suppose that the relationship between NIV and
crop coefficient is exponential. The problem s thus to
determing two points where bath NDVI ami Ke are
known in order 1o fit the Kc = A . ¢ ™ *0¥! SO,
Looking at the tables reported in Allen (1998), we
chose the exireme ranges expected in Ke valses for
wheat in semi-arid conditions : the minimal value
{Ke=0.3) corresponds to the initial stage from sowing
w 10% growth cover, while the maximal one
{Kc=1.15) is abserved at mid-scason when full cover
is effective (e, LAlL = 1), The joined NDVI values
{013 and 0.9) were determined by applying Eq.] with
LAl successively equal to 0 and 3, Once the
relationship was established, NDVI sinusoidal curves
were used to track the variability of phenology and
determine the time course of crop coefficient as
follow. From sowing to emergence (1o, initial stage),
Kc s assumed minmal. When the NDWVI is larger than
0.9 {mid-senson stage), Ke is assumed maximal,
Otherwise (growing period and late-season stage), the
cxponential relationship between NDWI and Ke is
applhied.

3 RESULTS AND DISCUSSION

Fig. 4 (last page) disploys seasonal evapotranspiration
obtained with the FAQ- and STICS-based approaches
over the tesi site for the 2000/2002 agriculiural season,
The two approaches were successively applied for the
three scenario of crop development within cach class,
For the FAO method, daly values have been
cumulated between sowing and full scnescence stages,
and figure 4 furmishes seasonal  crop  water
requirements.  For  the STICS-based  approach,
gvapotranspiration is constrained by climate (rainfall)
as well as irmgation proctices as observied by remotely
sensed-date  through crop development. Thus daily
values can be (and have been) cumulated during the
whole simulation period. In this case, simulations end
up with scasonal plant maximal transpiration for the
observed LAI time course. Thes the difference with
cumulated minfall, which s close w0 200 mm,
gstimates the minimum supply of imgation water
required to satisfy plant needs,

The hierarchy between the three scemanio of crop
development is clearly visible in Figure 4. The mean
scenario, based on averaged NDWVT per crop class, is
the most suitable to estimate the sverage values on
field and countryside. For the two approaches, it lcads
to values lower than those expected on and regions.
NDVI=NDVI., + (NDVIg - NDVI.. ) e * MM

(R}

{with K = | after Baret et al. 1939)

This result is plausible since supply of irgation water
was  limited. For the maximal scenario  that
cormesponds to the plants that are the most wiatered, the
highest values on the test area (600 mm for FAO, 450
mm for STHCS) appears regular for wheat in arid
condition, The minimum value provided by the STICS
model corresponds to the value of comulated rainfall.
In this case, the crop development is low enough to be
sustained by ranfall, amd STICS simulates no
IFrIZAtion.

When  considering  the FAQ  method,  seasonal
evapotranspiration can even in some case be under the
amonnt of precipitation. The large differences between
maximum and minimum scenario indicate the cases of
extreme deficlt in waler consumplion. Sioce we
crosscd two approsches and three scenario of crop
development, we believe that the range of scasonal
gvapotranspiration displayed in Figure 4 is correct.
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Figure 4. Estimate of crop water requirement (mm} during the agricultural season for the mmimum
{up). the mean (middle) and the maximum (bottom) scenario of crop growth, These results are obtained
bry cumuilating the daily values obtained with STICS-baved (left) and FAO-based (right) appronches.



There is nevertheless a strong need for ground data o
analyse these first results. Therefore, oor team plans to
held important  experimental  offorts  dunng  the
2002/ 2003 agricultural season. Local validation should
permit quantitative analvsis of the accuracy of both
FAO- and STICS-based approaches.

A quite good correlation is observed between the
results of the two methods (Fig.5). The explanation
mostly lies i the fact that no stress was implemented
in the STICS model. Consequently, the simulation
ends up with maximal plant transpiration. However,
the soil cvaporation is reduced because the soil surface
is rapidly drving after wetting events, while it is
always assumed wet in the FAO approach. This
partially explains the bizs observed between FAO- and
STICS-estimates. The second difference is due 1o the
fact that the crop coefficient at full senescence was
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Figure 5. Companson of seasonal crop waler
requirement estimated by the STICS model and
thie FACY method

approximately taken equal to that of the initial stage.
The previous stalements fist point out the need
for an improvement in coupling the FAQ model and
remile sensing data to better discrimingte soil and
vogetation latent heat floxes and account for the
decrease tn water requirements during  Late-season.
Improvements will be first proposed 1o separate
growing and senescence periods as well as 1o revisit
the fit of NDY1 time series using physically-based
maodels (with for instance phenclogy inferred by
degree day approach with photopenodic slowing, see
Wear et al. 1984). Further effiort will be paid to test the
dual {s0il and vegetation)} crop coefficients developed
by the FAQ. Finally, the most important issee o be
addressed  concems the dniving of approaches
designed with the assumption of well-watered plants
with remotely-sensed data that observe fields in actual
agricultural conditions. Developments should be done
1o cope with the monitoring of soil moisture i order
1o better account for the impact of water stress on crop
development.
Erespite the above-discussed limitations, our study
points owl the potential of remote sensing data to
calibrate and spatialise evapotranspiration models. The
spatial results we obtuined using the STICS model in
arid conditions and for a wide range of irrigation
practices are consistent, This  first analysis  was
necessary 1o fake advamtage of all the possibilities
offered by the model, such as yield estimation. The
range of evapotranspiration derived from  our
sdaptatien of the FAO-based approach is also
satisfactory, This second approach appears promising
since we concelved it as an operational tool, paying
attention to simplicity in order to provide helpful
informanon for decision makers and end-users
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