N

N

Combined use of FORMOSAT-2 images with a crop
model for biomass and water monitoring of permanent
grassland in mediterranean region
Dominique Courault, Rachid Hadria, Francoise Ruget, Albert Olioso, Benoit
Duchemin, Olivier Hagolle, Gérard Dedieu

» To cite this version:

Dominique Courault, Rachid Hadria, Francoise Ruget, Albert Olioso, Benoit Duchemin, et al.. Com-
bined use of FORMOSAT-2 images with a crop model for biomass and water monitoring of permanent
grassland in mediterranean region. Hydrology and Earth System Sciences, 2010, 14 (9), pp.1731-1744.
10.5194 /hess-14-1731-2010 . hal-02666519

HAL Id: hal-02666519
https://hal.inrae.fr /hal-02666519
Submitted on 31 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.inrae.fr/hal-02666519
https://hal.archives-ouvertes.fr

Hydrol. Earth Syst. Sci., 14, 1731744 2010 Dy -K

www.hydrol-earth-syst-sci.net/14/1731/2010/ Hydrology and
do0i:10.5194/hess-14-1731-2010 Earth System
© Author(s) 2010. CC Attribution 3.0 License. Sciences

Combined use of FORMOSAT-2 images with a crop model for
biomass and water monitoring of permanent grassland in
Mediterranean region

D. Courault!, R. Hadria?, F. Ruget, A. Olioso*, B. Duchemir?, O. Hagolle?, and G. Dedielf

1INRA, National Institute for Agricultural Research, UMR 1114 EMMAH, Domaine St. Paul, 84914, Avignon, France
2CESBIO, BPI 811, 18 Avenue E. Belin, 31401 Toulouse Cedex 9, France

Received: 16 April 2010 — Published in Hydrol. Earth Syst. Sci. Discuss.: 22 June 2010
Revised: 26 August 2010 — Accepted: 27 August 2010 — Published: 9 September 2010

Abstract. The aim of this study is to propose methods to scale. Satisfactory results were obtained when compared to
improve crop and water management in Mediterranean reground measurements. The method for the extrapolation to
gions. At landscape scale, there is a spatial variability ofother regions or crops is discussed as regard to data available.
agricultural practices, particularly for grasslands irrigated by
flooding. These grasslands are harvested three times per year
and produce high quality hay, but their productions decreased
significantly during the last few years because of the watert

scarcity. It is therefore important to assess the real water re-

quirement for crops in order to predict productions in the casﬁcc?rate n:ornlwatlonbon water_gonlsumpélqn for tlrr|gat|on of
of agricultural practice modifications. Until now, the spatial € farms has long been a critical need In waler resources

variability of agricultural practices was obtained through Sur_management. In the context of the global change, this point

veys from farmers, but this method was tedious to describdS becoming crucial, as it is necessary to develop agricultural

an entire region. Thus, the specific aim of the study is topractices that reduces water consumption and also maintains

develop and assess a new method based on a crop mo q)th ecosystem diversity and good productions. Dur_ingthese
for estimating water balance and crop yield constrained b ast years, the farmers tended to adapt their farming prac-

products derived from optical remote sensing data with hightices to minimize the effects of severe weather conditions on
spatio-temporal resolution their crops, such as drought. According to the region and

A methodology, based on the combined use of 0 the water availability, they could for example use more

FORMOSAT-2 images and the STICS crop model wasvater and fertilizers to maintain acceptable production lev-

developed to estimate production, evapotranspiration ancﬁﬂs('j Howlevedr,tsuch b?havuf?rrs f\re not ppssmle etvery\t/vhere,
drainage of irrigated grasslands in “the Crau” region in the@Nd Can lead o negative €fiects on environmen (water re-

South Eastern France. Numerous surveys and ground medsve exhausted, poIIu_tlon. ) '.)' Itis thus !mportant 0 Qe—
surements were performed during an experiment conducte?ﬁeIOp methods to predict .the Impact qf agricultural practlge
in 2006. Simple algorithms were developed to retrieve theShanges both on production and environment and also 'm-
dynamic of Leaf Area Index (LAI) for each plot and the main prove our k_nowledge on water cycle at different scales in
agricultural practices such as mowing and irrigation dates SPace find time. L . .

These variables computed from remote sensing were then Mediterranean region is particularly sensitive to changes

used to parameterize STICS, applied at region scale to eé:'-" agricultural pragtice; and land use since it is oftgn sub-
timate the spatial variability of water budget associated with/€ct t0 extremes climatic hazards (Evans, 2009; Todisco and

the biomass productions. Results are displayed at the farnf€"9ni: 2008). During these last years, severe drought condi-
tions have reduced the stocks of water and thus have pushed

the policymakers to restrict irrigation in some areas, such
Correspondence tdD. Courault as in the Crau region, located in the South-Eastern France
BY (courault@avignon.inra.fr) (Fig. 1). About half of this region is devoted to agricul-
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Fig. 1. Location of the studied area, and the footprint of the FORMOSAT-2 image.

ture, with permanent irrigated grasslands representing 67%ng irrigation and favorable meteorological conditions. Three
of the usable agricultural area @vbt et al., 2006a). These harvests are made between May and September. Some crop
grasslands are irrigated by flooding, harvested three timesodels propose a generic approach where the plant devel-
per year and produce a high quality hay exported all over theopment (representing mainly by the Leaf Area Index, LAI),
word (http://www.foindecrau.coin Generally, farmers bring  is modelled with functions depending on temperature, pho-
more water than that needed by the crop (1508Malyear  toperiod and chilling needs (Ruget et al., 2009). Other ap-
to 24000 ni/halyear), and more than 60% of this water proaches propose combining decision models and a biophys-
participates to the ground-table recharge used for urban angtal models to take into account the response to irrigation
industrial sectors (Mrot et al., 2008a). The water restric- (Mailhol and Merot, 2008). Though all the previous men-
tions applied during the last dry years, affected seriously haytioned approaches give quite satisfactory results at field scale,
production in terms of yield (loss of 30% observed in 2005), issues still exist in applying these models at larger scales.
and agricultural practices calendar. It is thus important tolndeed it is often tedious and difficult to define some key
estimate accurately water needs for irrigated crops to betparameters describing the agricultural practices at regional
ter evaluate the future consequences of climate changes farcale, because of their very wide spatial variability. Some
both agricultural practices and crop production. The scien-approaches proposed classifications to define the main agri-
tific community is increasingly concerned to develop meth-cultural practices performed in a given region. For exam-
ods in order to increase the water use efficiency and predicple, in the ISOP system (Information et Suivi Objectif des
yields. Prairies), which is an operational application of the crop

Over the years, scientists have proposed tools such as crdp@del (STICS) to estimate and map the real-time status of
models to simulate the crop behaviour under various envi9rass applied at the France scale (Ruget et al., 2006, 2009),
ronmental conditions (Brisson et al., 1998; Duru et al., 2009;the country is divided into approximately 200 small forage
Schapendonk et al., 1998). A lot of models were thus pro-/égions (-2500knf each). In each region, representative
posed in literature ranging from complex approaches simu<£lasses of grassland were defined by combining the most fre-
lating growth for different crops such as CERES (Jones efduent soil types, the common types of grassland (in terms
al., 2003), WOFOST (Pogacar and Kajfez-Bogataj, Zoog)pf management, combinations of cutting-grazing and N fer-
STICS (Brisson et al., 2003) up to whole farm optimization tilization) resulting in 25 typical pasture combinations. This
models such as GRAZEGRO (Barrett et al., 2005), MOD- System is used for example to quantify the impact of droughts
ERATO (Bergez et al., 2002). Modeling of grassland re- ON _hay production (seehttp://agreste.agricultur_e.gouv.fr/
quires to define growth functions quite different comparedconjoncture/grandes-cultures-et-fourrages/prajrietlp to
with those representing cereal development. Indeed, gras§low: ISOP does not simulate the Mediterranean regions
land growth is generally very quick in Mediterranean region,Wh'Ch are specific because of_lrrlgatl_on. Recent appro_aches
mainly because of the huge water amount brought by floodProposed to use remote sensing to inform some key inputs

Hydrol. Earth Syst. Sci., 14, 1731744 2010 www.hydrol-earth-syst-sci.net/14/1731/2010/


http://www.foindecrau.com
http://agreste.agriculture.gouv.fr/conjoncture/grandes-cultures-et-fourrages/prairies/
http://agreste.agriculture.gouv.fr/conjoncture/grandes-cultures-et-fourrages/prairies/

D. Courault et al.: Grassland monitoring from FORMOSAT-2 1733

parameters of crop models (Di Bella et al., 2005; Duchemin2 Studied site and data

et al., 2006; Jongschaap, 2006). Most of them uses the ob-

served relationships between the normalized vegetation in2.1 Main features of the site and agricultural practices
dex (NDVI) computed from the reflectance measured in the performed

optical range, and LAl (Baret and Guerif, 2006; Baret et al.,

2007). Few works explored the possibility to obtain informa- The Crau region is aflat areaf ma.m.s.l., center: 438N,

tion on agricultural practices (Hadria et al., 2006; Launay and5°00 E, see Fig. 1). The climate is typically Mediterranean,
Guerif, 2005). The main reason of these few references wawith irregular precipitations, long dry periods in spring and
that, until now, there were no satellites which offered both summer, and strong winds. Average cumulative rainfall is
high spatial and temporal resolutions well suitable to moni-600 mm, but it has varied between 350 mm and 800 mm over
tor agricultural practices. On one hand, sensors having a higkhe last 15 years. Mean air temperature is about’C-8
spatial resolution such as ASTER (15 m in the visible range) winter and about 24C in summer. Wind is an essential me-
Landsat (30 m) presented a low time revisit (16 days for timeteorological component in Crau plain. It blows for about 110
revisit on the same location). On the other hand, satellitego 160 days/year, and it often blows at more than 100 km/h.
with global coverage and high revisit (1 or 2 images/day) Such conditions increase intensively atmospheric demand in
have typically a coarse spatial resolution (AVHRR, NOAA, term of potential evapotranspiration-{300 mm/year) and
1km, and MODIS, 250 m—1km) or are also affected by thelimit the possibilities of using aspersion irrigation technique
problem of varying viewing angle. Fortunately, with the (Mérot et al., 2008b).

continuous technological advances, new missions are avail- The soil of the Crau region is shallow (60-80cm) and
able now such as FORMOSAT-2 launched in 2088/  very stony (20% of stone at the surface and 90% at about
www.spotimage.fr/iweb/944-images-formosat-2pbp are 80 cm deep) inducing a very low water holding capacity. Itis
planned in the near future such as Venps (Dedieu et al., 20063Iso generally poor except at surface layers of irrigated fields
and Sentinel-2 (Martimort et al., 2007). The design of thesewhich are rich in organic matter and mineral elements carried
new sensors allows now to provide both high spatial resoluwith time by irrigation water.

tion (~10m) and frequent revisit time (few days) very ap- Permanent grasslands are the most irrigated crop in this
propriate both to the field scale and time step of agriculturalplain (Mérot et al., 2008a) and cover about 13 000 ha (23%
practice variability. of the whole area), of which 12 000 ha follow a governmental

A great experiment was conducted over the Crau region irdecree [ttp://www.foindecrau.com/cadre.hfnirhese crops

2006, including intensive ground measurements, along withare regularly irrigated from March to October from a dense
FORMOSAT-2 image acquisition (Courault et al., 2008).  channel network. Irrigation rounds are separated by 8 to 12
The study objective was to evaluate the feasibility of us-days (a round corresponds to the time between two irriga-
ing FORMOSAT-2 data combined with a crop model to esti- tion events). Frequency is defined at the irrigation district
mate production, evapotranspiration and drainage of irrigatedevel in order to ensure an equitable availability of water to
grasslands at regional scale. The STICS crop model (Brissorach farm of the district. There are around 442 farms pro-
et al., 1998) was chosen because: ducing hay. More than 60% of these farms have an average
o ] ) ] ] area of 100-120 ha (kfot et al., 2008a). Irrigation is man-

— it simulates the soil (moisture and nitrogen daily evo- 4ged by local association called ASA (Association Syndicale
lution) and plant dynamic from biological and physical Aytorisee). In addition, as the ground water table is superfi-
laws _under the influence of the weather and agrlculturalcia| (at about 10 m from the surface), some farmer9¢
practices which allows to test the crop response to enviyer the whole region) use pumping to irrigate some of their
ronmental stresses, e.g. droughts, and to analyze varioyse|ds, This pumping is not regulated by the ASA and is only
scenarios of practice modifications. used one or two times per year for some fields far from the

— STICS has been coupled with various remote sensing}"’ater point or very large a.nd. more sensit!ve o the drought in
data in the past, for different applications (Di Bella et summer. Due to the flood irrigation technique and to the very

al., 2004; Guerif et al., 2007; Varella et al., 2010) and stony soil type, about 60% of this water is lost by percolation
’ ' ' ’ ' and contributes significantly to the recharge of a superficial

— it has been developed and validated for grasslands byquifer which is the main source of water for domestic use in
our team (Ruget et al., 2002, 2008, 2009). this area. Water comes from the Durance river, supplied by
the snowmelt from Alps. Future scenarios of global changes
predict significant decrease in this water reserve, particularly

during spring period.

The mowing is an important operation in grassland man-
agement. The dating of this practice is essential both for
farmers and decision makers to better manage irrigation and
manpower. Three hay harvests are produced throughout the

www.hydrol-earth-syst-sci.net/14/1731/2010/ Hydrol. Earth Syst. Sci., 14, 17342010
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year, with different floristic composition resulting in differ- Table 1. Main statistics of mowing dates collected for 120 fields

ent economical values. In the decree to get the COP (certirgyg: standard deviation, DOY: Day Of Year from the 1 January).
fied origin product), the first cut must occur in May and in

minimum 60 days after the pasture of the region. The de- G cerved date

: First cut Second cut Third cut
lay between two successive cuts must be 40 to 70 days. The v Vv (12 253 176 19 A a1
three cuts must be realized respectively before 31 May (Day . o8 ,\"jl);)(/ (1 4)8) o JTJT;((ZOI)) . Se;f’eﬁgér (2)47)
Of Year: DOY 151), 25 July (DOY 206) and 30 September  average 17 May (137) 7 July (188) 26 August (238)
(DOY 272), except in case of special derogation. The decree std (days) 6.5 5.5 45

specified also the drying periods and hay storage conditions.

2.2 Ground measurements

agricultural practices and to understand how farmers man-
An experiment took place over the Crau region in 2006, in-age their crop in real conditions. Thus mowing and irrigation
cluding intensive ground measurements, in parallel to satelelates were collected,with information on yield and nitrogen
lite data collection (Courault et al., 2008). guantities brought by the farmer to each field.

Classical meteorological measurements like rainfall, air Table 1 shows the variability observed for the mowing date
temperature and humidity, wind speed, global and atmo-of 120 investigated fields. It appears that the period for the
spheric radiations were recorded on a grassland field fronfirst mowing took 27 days, which involved consequently a
March to October 2006. Values were averaged over a timavide difference for the development between the fields.
step of 10 min. The footprints of these last measurements
ranged from 1000 to 3000%n For few intensive observa- 2.3 FORMOSAT-2 data: description, processing and
tion periods (IOP), surface fluxes were measured during sev- derived products
eral days. 1D anemometers (CA27T) were set up to compute
the sensible heat fluxs) from the eddy covariance method. FORMOSAT-2 is a Taiwanese satellite htp:

Soil heat flux (G) was measured using soil fluxmeters, put //www.spotimage.fr/web/944-images-formosat-2)php

just below the surface. Pyranometers (CMC6) measured ne@perational since May 2004 on a sun-synchronous orbit,
radiation (Rn) with an accuracy below 5WJnFinally, the ~ with onboard Remote Sensing Instrument (RSI). RSI pro-
latent heat flux (LE, equivalent to the actual evapotranspiravides high spatial resolution images (8 m in the multispectral
tion, AET) was obtained by the residual method of the energymode for nadir viewing) in four narrow spectral bands

balance: ranging from 0.45pum to 0.90 um (blue (B), green (G), red
(R) and near-infrared (NIR). Unlike other systems operating
LE=Rn—H-G (1) at high spatial resolution and thanks to its orbital cycle of

one day, FORMOSAT-2/RSI observes a particular area po-

In the same time, the plant development was monitoredentially every day with a constant viewing angle. However,
by different observations and measurements. Crop heightenly about the half of the Earth is observed by this satellite
(hveg) were measured at different points of the field, distin- (Chern et al., 2006). During the 2006 experiment, thirty
guishing the floristic composition. LAl was estimated from five FORMOSAT-2 images were acquired every 3 to 4 days
hemispherical photographs. 40 to 60 photographs were takeduring 8 months at 10:30 TU from March to October 2006,
along transects, according to the surface heterogeneity and tand with a constant viewing angle of 4bver the Crau
the field size, (the temporal sampling depended on the cropegion. These images were first geolocated, registered and
development). Then the CAN-EYE softwarettp://www. calibrated at CNES (Centre National d’'Etudes Spatiales,
avignon.inra.fr/careye/page5.phpdeveloped by Weiss and France, according to the method described in Baillarin
Baret at INRA Avignon) was used to process the image seet al., 2004). Then the clouds and their shadows were
ries and estimate different surface parameters such as fCoveliscarded, and the images were corrected from atmospheric
(vegetation fraction), FAPAR (fraction of absorbed photo- effects using the multi-temporal aerosol detection method
synthetically active radiation) and the Effective LAl (which developed by Hagolle et al. (2008).
does not take into account vegetation clumping effect, and Due to these specific characteristics, FORMOSAT-2 im-
is comparable to remote sensing estimations) (Weiss et alages offer strong opportunities for crop monitoring with a
2002, 2004). Sampling for the biomass estimation was alsapatial resolution of 8 m very suitable to identify each field
performed with the same time interval. Nitrogen analysesand surface modifications as displayed on Fig. 2.
were made both on plant and in the soil for several dates be- All FORMOSAT-2 images were processed to obtain NDVI
tween March and October. and LAI maps.Various other vegetation indices were pro-

In addition to these punctual accurate data, surveys wer@osed in the literature (Huete et al., 2002), but the strength
conducted on six farms (including more than 120 fields spa-of NDVI is in its ratioing concept, which reduces many
tially distributed throughout the study area), to determine theforms of multiplicative noise (illumination differences, cloud
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14/07/2006 =3 17072006 =3[ 23/07/2006 erence areas from known field are defined for classification.
- Then all fields were manually delineated and digitized. As
the spatial resolution of FORMOSAT was high (8 m), each
grassland field was identified correctly. The digitization re-
sult was then superimposed to the NDVI maps to extract for
each date the NDVI profile of each grassland field. Figure 3
T presents the temporal evolution of NDVI of all the fields

Fig. 2. Combination between 3 spectral bands, (8, NIR) of of two farms investigated. The periodicity due to the three
FORMOSAT-2 images for 3 consecutive dates in July acquired ovefMowing events appeared clearly. A wide variability of mow-
a small area (22 km) of the Crau region, showing the mowing of ing dates was observed within a given farm. This gave also
grasslands (in red): the “c” field was the last mowed. an idea about the duration needed to cut the grasslands of all
fields of a given farm. The first cut generally needed more
time (see the three numbers between brackets, values vary-
shadows, atmospheric attenuation, certain topographic variing between 16 and 20 days) than the second one. This was
ations) present in multiple bands. Bsaibes et al. (2009) comexplained by the fact that the total production decreased from
pared different models proposed in literature and found thathe first to the third cut (average produced hay for a farm was
a simple algorithm based on the exponential law using NDV14.3 t/ha, 2.8 t/ha and 1.8 t/ha for the first, the second and the
gave satisfactory results compared to ground measurementsird cut, respectively). For these reasons, managing the two
for several crops in the Crau region. Thus the following for- first cuts took more time than the third one. All NDVI curves

Ly

mula was used: reached a minimum value ranging between 0.36 and 0.53 af-
1 NDVI — NDVI o, ter the cut and before starting to increase. The dates corre-

LAI 2 i ini ' i
( A ) <NDVIS— NDVIOO> ) sponding to these minimum varied from one field to another

and also from one farm to another. Irrigation frequency var-

With K a1 =0.71, NDVI»,=0.89, NDVL=0.1. FORMOSAT ied also considerably from one farm to another one (see the

data were acquired with the same viewing angle during allnumber after the word “irrig” in the top of each figure) from

the period. Data measured on five fields at different de-8 to 12 days for the whole studied area.

velopment stages were used for validation (representing 97

samples). Leaf Area Index (LAI) was derived from hemi-

spherical images that provided Effective LAI. For LAl esti- 3 Methods

mation, ground based measurements and FORMOSAT-2 pix-

els were collected or selected in order to consider represenin this section, only the main variables necessary to provide

tative values at the field scale. Ground samples were colio the crop model are described (some of them were derived

lected within each field according to a cross-pattern protocoldirectly from remote sensing data, and the other were esti-

and next averaged. For each field, FORMOSAT-2 overlay-mated indirectly from primary variables). Then the original

ing pixels were selected by excluding borders, and the corapproach proposed to combine STICS with these data is pre-

responding waveband reflectances were averaged to compugented to estimate production and water balance at both field

NDVI. A “leave-one-out” cross validation method (described and regional scales.

in Bsaibes et al., 2009) was implemented to estimate the ac-

curacy. Various standards metrics were computed amon@.1 Estimation of the mowing dates from FORMOSAT-

them RMSEa, (absolute root mean square error). This last 2 images

term was in the order of magnitude of 0.66/m? which was

quite good for LAl estimations (Bsaibes et al., 2009). Other From these previous observations, a simplified approach was

approaches were proposed to estimate LAI, based for exanproposed to estimate the mowing dates from FORMOSAT-2

ple on the use of radiative transfer models, or neutral networkmages. It consisted in, first detecting the date of NDVI min-

(Weiss et al., 2002, Bsaibes et al., 2009). Radiative transfeimum followed by a NDVI increase for the next four image

model inversion is potentially a very powerful approach. But acquisitions. Then 6 days are removed from the date cor-

although using deterministic approaches has more portabilityesponding to this minimum because this time interval cor-

than empirical approaches, it required first inversion stratetesponded to the period needed to dry and to collect hay.

gies that face the ill-posed problem and related equifinalityThis method was applied at regional scale over more than

troubles. 1500 grassland fields. The validation gave satisfactory re-
A land-use classification was then made in order to sepasults with high correlations between simulations and obser-

rate the grasslands from the other land-use classes. The landtions ¢?>0.9 with rmse respectively of 2.5 days for the

cover classification was based on a maximum likelihood suirst cut, 1.3 and 4 days for the 2nd and 3rd cuts). It should

pervised classification. The latter used the 4 spectral bandbe noted here that the relatively lower value for the third cut

of 5 images distributed along the experimental period. Ref-was mainly due to the lower number of images for this last

www.hydrol-earth-syst-sci.net/14/1731/2010/ Hydrol. Earth Syst. Sci., 14, 17342010
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Fig. 3. FORMOSAT-2 NDVI temporal evolution of fields surveyed beside two farmers. Each figure corresponds to one farm and each curve
represents a field within this farm. The three numbers between brackets indicate the period needed for the 1st, 2nd and 3rd cuts, respectively
The number in the top after the word “irrig” corresponds to the irrigation round.

Table 2. Mowing date estimated from FORMOSAT images.

LAI DOY 151
145) 4
Estimated date  First cut Second cut Third cut
Min 4 May (124) 24 June (175) 18 August (230) | 40 3
Max 30 May (150) 21 July (202) 4 September (247)
Average 16 May (136) 6 July (187) 30 August (242) 135 02
Std (days) 7.5 5.9 17

DT 2T .|

period because of the higher occurrence of clouds over th%ig. 4. The first mowing date (in DOY) mapped from the simplified

studied region. Table 2 presents the results obtained for thﬁlgorithm described in Sect. 3.2, LAl m?) map obtained from
fields investigated. Compared to Table 1, the results wergne gq. (2), on DOY 151 (31 May 2006).

quite satisfactory. Figure 4 shows the maps of the first mow-
ing date (a) and the LAl obtained on DOY 151 (b) over a

small area, when all the fields were cut. after the harvest. A linear relationship was found between

~ These two maps show logically strong correlations. The . \ing and irrigation dates extracted from the field surveys
fields with the lowest LAl values were the last mowed. On ¢y 5) Then, as the starting date and irrigation round were
the contrary, the first mowed fields which had more time 0y for each ASA, the different irrigation dates could be
develop biomass presented higher LAl values. The time 'N"estimated for each field. Then, water supplied at each event

terval for mowing all the fields (gO days for the first 'cut) Was \yas set up at 100 mmi/day (this value was chosen from mea-
enough to lead to a wide variability of LAl between fields, up surements performed on an experimental field by et

2 . . - .
to 5 P/m? just after the first <:2ut. This discrepancy between , 500gh). This water quantity was set as a constant value
fields increased up to 6-74m? at the end of October. in time for each field

3.2 Estimation of irrigation dates ) )
3.3 Brief review of the STICS crop model

It is often difficult to get an exhaustive information on irri-

gation over a region, particularly when it's flooding: (1) be- STICS (“Simulateur mulTIdisciplinaire pour les Cultures
cause the water quantities brought to each field are not knowstandards”) has been developed since 1996 at INRA of Avi-
with accuracy, (farmers bring generally more water than thegnon in France www/avignon.inra.fr/agroclimstics eng/

real need of plants and have no ideas about the exact quamodelesticg. It is a crop model running at a daily time step
tity), (2) in addition, in the Crau region, there is a complex with inputs describing climate, soil, plant and crop system.
water distribution managed by different associations (calledAmong the main outputs, there are yield in term of quantity
ASA), linked to each main channel. Each ASA has its ownand quality, and environment terms linked to drainage and
peculiarities for the irrigation frequency for example varying nitrate leaching (Brisson et al., 2003). The simulated object
from 8 to 12 days. Thus, facing a lot of unknown variables is the crop situation for which a physical medium and a crop
related to irrigation, an indirect approach was proposed tananagement schedule can be determined. The main simu-
derive some key parameters such as the irrigation dates frorated processes are crop growth and development as well as
the knowledge of the mowing dates. Indeed, we observedhe water and nitrogen balances. The model is based on three
that generally the first cut fields were the first irrigated just functional types:
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160 (1) automatic calculation: as soon as the crop reaches the
stage defined by a agricultural parameter fixed in the
model, itis cut at the cutting height corresponding to the
height defined as the maximum, and then transformed
into biomass using a conversion coefficient,

vy =1.03x + 2.98 . a
R? = 0.88 .

150

(2) imposed date: in this case, a table of different cutting
dates is used as input model, associated with the follow-
ing elements: residual LAl and dry matter, fertilisation,

140

First irrigation after cut

130

195 13'5 1;5 (3) cutting dates are defined by cumulative development

First ciit date units, expressed in cumulative temperatures.

Fia. 5. Relationshio obtained between the 1st mowing date and theThe soil is considered as a succession of horizontal layers and
9. o. Ship ; ; 9 each layer is characterized by its water, mineral and organic
irrigation date just after the mowing, for the different grasslands

surveyed over the Crau region. nitrpgen content. S_TIC_S simulates the evolution of these Ia_\st
variables. On a daily time scale, root uptake can be consid-

ered to be equal to leaf transpiration. Root uptake calculated

— a physiological period defines the growing stages (de-overall, is then distributed between the soil layers. Relative
velopment module), using a thermal (degree-day) ortranspiration is defined as the ratio between actual transpi-

photo-thermal index according to the species; ration (AET) and maximal transpiration (EP) and is a bilin-
ear function of the available water content in the root zone.
— within each of the vegetation phases, defined by theThe minimal value for the soil water content corresponds to
calendar, the crop growth functions depend on uncon+he wilting point, whereas the maximal value corresponds to
trollable climatic variables (temperature and radiation). the difference between the water content at field capacity and
There are shoot growth functions without action of roots that at the wilting point. The water content threshold separat-
(leaf area setting, light interception, conversion of inter- jng the maximal transpiration stage and the reduced transpi-
cepted light, partition to grain modules). Only the shoot ration stage depends on root density, the stomatal functioning
is considered; of the plant, and climatic requirements. Two approaches are
— the third type of function simulates the effects of water proposed to comque .evapotranspiration: a crop coefficient
approach and a resistive approach according to the Shuttle-

and nitrogen stresses: it requires root growth in order to

have access to the water and nitrogen resources (rooy_vorth and Wallace’s model (Brisson et al., 1998). Catalogues

ing, water balance, mineralisation and nitrogen balanceOf various par_ameters are defined for several crops, and agri-
modules). cultural practices (.L_a.unay et a_l., 2009). Ruget et a_I. (2006)
conducted a sensitivity analysis to choose the main param-
STICS has a modular design that allows the addition of neweters of the model. In our case, it appeared that the most
developments (e.g. ammoniac volatilisation, symbiotic fixa-important parameters were those related to the agricultural
tion and organic residues). Each module deals with specifipractices: mowing and irrigation dates. As these parame-
mechanisms. A first set of three modules concerns the ecaers varied significantly at regional scale, the model was used
physiology of shoots, (development, vegetative growth, yieldwith the imposed dates derived from FORMOSAT-2 images
components), and a second set of four modules deals witlidescribed in Sects. 3.1 and 2), and with LAl as input data
the ways in which the soil functions interact with the under- (Fig. 5). For this last condition, linear interpolation had to
ground parts of plants (root growth, water balance, nitrogerbe made between FORMOSAT-2 dates to get daily values of
balance, soil transfers). At the interface there is a moduleLAl for each plot. Residual LAl values were then determined
dealing with managing interactions between cultivation tech-for each field after cut, and residual dry matter deduced from
niques and the soil-crop system, whether in the form of waterthese last values.
supply, fertiliser supply or the microclimate. In a first stage, the model results were checked at field
The phenological development of the crop is mainly con-scale where local measurements were available. Then the
trolled by canopy temperature, while the carbon balancemodel is applied at farm scale over 47 fields (130 ha). In
drives biomass accumulation. STICS can either simulatghis last case, a homogeneous soil type was considered for
LAl evolution varying according to water and nitrogen stress, all fields with the same characteristics as summarized in Ta-
either use daily values of LAI provided as forcing inputs. ble 3. In the same way, since the fertilisation didn’t present a
The quantities/doses of water can be also imposed as an imgreat variability at this spatial scale, only one nitrogen fertil-

put variable or calculated by the model. isation of 60 kg/ha was supplied on 20 May for all the fields.
Concerning the grassland, the cutting of grass can beaHowever, it should be noted that the grassland age being very
achieved using one of three methods: different between some fields (more than 80 years apart), this
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Table 3. Summary of the main inputs necessary for STIC®#{n, max: minimum and maximum air temperature, HR: air moisture, Rg:
global radiationJ: windspeed)N: nitrogen content, ASA: Association for water management).

Input parameters Data Origin/value

Climatic data (daily) RainTmin, Tmax,U, HR, Rg weather station on grassland

Plant (monospecific) LAl (daily) FORMOSAT images
Residual LAI after cut FORMOSAT images
Residual dry matter after cut Deduced from residual LAI

Agricultural practices  Mowing date FORMOSAT images
Irrigation date FORMOSAT images
frequency, dose (water) ASA, 100 mm/event
Nitrogen fertilisation, date, dose Surveys: 20 May, 60 kg/ha

Soil Layer number (2), Soil map & soil analysis
Depth, Texture, %stone 80cm, 20% silt, 60% stone
Initial Soil moisture Measurements: 10% 20%
Initial NO3, NHy4, Norg contents Analysis 80kg/ha + knowledge f

(grassland age)

. ' 4 Results
Remote Sensing " ‘Ground measurements ‘

FORMOSAT-2 data | )
Z A | = 4.1 Field scale
‘ (anducedlzssification ‘ | NDVI ‘ ‘. ‘ Soil parameters, texture,wpf,wcc ‘

; ':. ‘ N, water doses Figure 7a presents the LAI values measured in the refer-
S ence field from hemispherical photographs, then linearly in-

terpolated at daily time step, and compared with the LAI
1 | Nitrogen budget derived from FORMOSAT-2 images computed from Eq. (2)
+ productions (SeCt- 2-3)-
Three cycles of grassland growth appeared clearly, sep-
Fig. 6. Approach proposed to couple remote sensing data acquire(’fl'lrated by three cut events: the first cut was on DOY 131

at fine resolution and STICS crop model for assessing yields and11 May), the 2nd cut on DOY: 189 (7 July) and the last one
water budgets at regional scale. on DOY: 234 (22 August). A good agreement is observed be-

tween LAl estimated from FORMOSAT-2 with ground mea-
surements, except for the second cycle, where the spatial
fact has led to a spatial variability of organic nitrogen in the variability of the measurements was the highest. Just before
soil. Thus the initial parameters linked to nitrogen in the mowing, very high values of LAl were estimated correspond-
soil were defined according to the mean values measured oimg to high NDVI values. Many authors have shown that
the reference field and the expert knowledge, taking into acwhen LAl was higher than 4, NDVI tend to saturate (Combal
count standard values found in the literature (Ruget et al.get al., 2003). Thus the accuracy for high LAI values can be
2009). Figure 6 summarizes the approach proposed to comarguable. That can explain the difference observed between
bine STICS crop model and high spatial and temporal resolusimulations and measurements for these periods.
tions FORMOSAT-2 data to assess yield and water budgets at The comparison between aerial biomass estimated by
regional scale. In order to evaluate the contribution of remoteSTICS and observed biomass (Fig. 7b) gave quite good re-
sensing in the crop model, comparisons between simulationsults with rmse of 0.25 t/ha for the total amount of biomass.
with and without forcing from FORMOSAT data were done. The model was able to simulate correctly the biomass dy-
The results of this comparison will be presented in the dis-namics with the seasonal variability: the decrease in produc-
cussion section. tion classically observed from the first to the third cut. This
was mainly explained by the variation in floristic composi-
tion which varied according to the season.

Measurements of nitrogen content in the soil were also
evaluated in comparing the nitrogen stress index simulated
by STICS (Fig. 7c). The model was also able to simulate
this variable correctly. Two periods appeared clearly: The
first period from the 1srt January to the end of February

Water budget: AET

Mowingdates | — -/

Irrigation dates |-

Hydrol. Earth Syst. Sci., 14, 1731744 2010 www.hydrol-earth-syst-sci.net/14/1731/2010/



D. Courault et al.: Grassland monitoring from FORMOSAT-2 1739

Table 4. Main terms of the water budget and biomass obtained for & — . @
the reference field from 1 January 2006 to 30 September 2006 with 5. """ 5 1
STICS. EO 0
: — ; - T 20 100 130 200 (%§0
Rain Irrigation  AET Drainage  Biomass S 4 YT : : ,
T4 mse=025tonha =
505mm 2300mm 936mm 1680mm 13.8tha ; 2///?1/L”)/L
g 0 ! | ! 1
bm 20 100 130 200 250
21
B

T T T T (C
(DOY 59), characterized by a nitrogen stress index superior § g 5+ i
to 0.6, which corresponded to the stages of crop developmen §’ MO0 w w 1
requiring generally fewer nitrogen resources. The second pe-z . 20 100 190 200 230
‘ d
0

riod from the beginning of March (DOY 60) to the end of Oc- W\V’W
|
| LT
)

tober was characterized by stress varying around 0.5. It was
150 200 250

AET (mm
o o

the irrigation period. The peak observed around DOY 140
corresponded to a nitrogen supply (60 kg/ha). Even after this
nitrogen supply, the nitrogen index still remained low. In-

deed, a g_reat quantity of nitrogen was leached by dralnangig_ 7. Comparisons between STICS simulations and measure-
a_s the soil was not deep e”OUQh to k(_aep reserves for a Iont‘iﬁents performed on the reference field for the period: 1 January—30
time, as well as due to the flooding which led to supply more geptember 2006 for: from top to bottoga) LAI (m2/m?2) FOR-
water than needed, and huge water quantities were lost byiOSAT and measuremen(b) Biomass (t/ha)(c) nitrogen stress
drainage and went directly to the ground table. index (d) AET (mm/day), computed in STICS according to the
Few evapotranspiration values (AET) were available dur-Shuttleworth and Wallace method. The red lines represent the cut
ing the experiment and compared to those simulated bylates and the blue lines, the irrigation dates.
STICS (Fig. 7d). rmse was in the order of 1.4 mm/day, value
currently found in literature for such comparisons. A high ment and water consumption. A great variability was ob-
variability was observed from one day to another, mainly served due to the agricultural practices. Some grasslands
due to the agricultural practices. Indeed, AET passed from(not yet mowed on DOY 155, or the first cut (DOY 160)
7 mm/day just before mowing to 0.5 mm/day after cut. Irri- were well developed (crop height was around 70cm, LAI
gation events led also to great variations in AET, particularlyaround 6 M/m?), therefore biomass were important with
in summer. high AET values. Evapotranspiration could reach values
Finally, Table 4 gives a summary of the main terms of up to 7.5 mm/day when fields were irrigated, and decreased
the water budget and the total production simulated for thisdown to 0.5 mm/day for fields not yet flooded. At the end of
reference grassland field. The drainage term which correthe season, total amounts could be computed for the biomass
sponds to the water excess computed by STICS, representeéhd water consumption. Satisfactory results were obtained
almost 60% of the total water amount supplied by irrigation for simulated yield at the end of each cycle, compared to the
plus rainfall. This result was consistent with values reportedvalues given by the farmer (Fig. 9). For the first harvest,
in different papers by (Mrot et al., 2008a, b; Mailhol and one field (no. 18 on Fig. 9) showed a very high value for

i
100
DOY

Mérot, 2008). yield quite different from the others. This field was mowed
first, additionally, it was close to a channel, and received a
4.2 Farm scale nitrogen supply during 2006. For the harvests that followed,

the results were globally satisfactory with a most important

Considering the previous results as globally satisfactoryscattering for the third cycle. Some fields (50-51-52) hav-
STICS was applied at a larger scale, a farm including 47ing the lowest yields corresponded to the more recent grass-
fields (~4km?). On this area, only the main agricultural lands (sown after 2000), while the oldest fields (sown before
practices (irrigation and mowing dates) and yields were1950) produced generally more biomass. Significant differ-
known. Daily LAl maps were provided as inputs to the ences were also observed for the LAl between these fields.
crop model, as well as maps of irrigation and mowing datesAn explanation could be that the soil under the older fields
derived from FORMOSAT-2 image processing described inis slightly deeper and more silted than those of the recent
Sect. 3, and values of residual LAl and dry matter obtainedfields, because of the sediments supplied by irrigation during
just after the cuts. numerous years.

Figure 8 displays the daily biomass maps simulated the It appeared that even at a small spatial scale, there were
4 and 9 June 2006 with the corresponding evapotranspiraa great variability both in yields, evapotranspiration and
tion maps. These maps allowed monitoring crop develop-drainage terms. This variability was strongly linked with
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appeared that the high temporal (time revisit of around 3 days

Biomass (ton/ha) AET (mm/d) s in our case) and spatial resolutions (8 m) of FORMOSAT-2
DOY 155 DOY 155

data were well suitable for the identification of these main
s agricultural practices. Surface parameters such as LAl could
be easily estimated using a simple algorithm. The mowing
\l?\"! and irrigation dates were mapped from simplified approaches
based on the analysis of NDVI profiles. These maps repro-

duced correctly the spatial variability observed at regional

scale.
Biomass (ton/ha) AET (mm/d) 3 In order to quantify the contribution of knowing this in-
DOY 160 ¥ DOY 160 ° formation provided by remote sensing, comparisons between
Hlss simulations for the different cases presented in Table 5 were

analysed. The results were compared with the observed to-
tal biomass. In the first two cases, simulations were per-
formed without remote sensing information. LAI was com-

2

: * puted by STICS, from cumulated temperatures varying ac-
X o5 cording to water and nitrogen stresses. Irrigation and mow-
o A ing dates were also computed by the model as explained in

Sect. 3.3. lIrrigation occurred when the water stress index
Fig. 8. The biomass and evapotranspiration simulated by STICS orwas below 0.8, which meant that the grasslands were glob-
4 and 9 June 2006 (DOY 155 160). ally well supplied with water. Two irrigation water quantities
were chosen: case 1: 20 mm, case 2: 40 mm brought at each
event. For these two situations, there was no variability, all
the irrigation order and consequently with the order of mow-the fields had the same behaviour. The total biomass sim-
ing the fields. The last mowed fields could receive one orulated was then compared to the observation average of all
two irrigation supplementary for the same period which ex-fields surveyed. The following cases (3—4-5-6) introduced
plained substantial differences in the order of magnitude ofthe spatial variability at different levels, only in fixing the
105mm for cumulated evapotranspiration from one plot tomowing dates (3), or irrigation dates, the LAl or the combi-
another. This discrepancy appeared also logically in thenation of these variables. The best results were obtained for
drainage term, representing the difference between watethe biomass estimation when all the variables (LAI, mowing
supplied by irrigation and rainfall, and the amount of wa- and irrigation dates) were forced into the model from remote
ter lost through evapotranspiration processes. The dynamsensing data. It appeared also that the knowledge of the vari-
ics of the ground table level was thus strongly dependant orability of agricultural practices was most important than the
the irrigation performed from March to October. Observa- knowledge of LAl only, which was not surprising since the
tions recorded from some piezometers set up in the studiedgricultural practices were crucial for the vegetation devel-
area have shown that the ground-table level varied at aroungdpment. It should be noticed also that for three times less of
4 mlyear during this period (Anne Laure Cognard, personalwater, the simulations (cases 2—6) gave the same production
communication, 2009). level. Irrigation by flooding consumes generally more water
than the real need. It is the traditional method used for cen-
tury, with a strict water round defined at the district level. If
5 Summary — discussion severe droughts increase in the next years, the frequency and
duration of irrigations has to be revised. Tools such those
The general objective of this work was to develop methodproposed here would allow to analyze different scenarios and
combining remote sensing data acquired at high spatiopropose suitable strategies to maintain reasonable production
temporal resolutions and a crop model for monitoring irri- in saving water. These proposals must be also discussed with
gated grasslands in Mediterranean regions. Our study wasconomists in order to take into account all the other water
focussed on assessing the potentials of FORMOSAT-2 imuses in the region.
ages linked to the STICS crop model to estimate water bal- Forcing STICS with remote sensing data acquired at high
ance and production of irrigated grasslands in the Crau regiospatio-temporal resolution allowed to estimate significant
in the South Eastern France. STICS was first validated frondifferences for both the biomass production (from 9 to
ground measurements performed over a reference field, theb4 t/ha), and the main water budget terms at farm scale. Sim-
applied at farm scale to 47 fields. Satisfactory results wereple algorithms for mapping LAl and agricultural practices
obtained for yield estimations. A great spatial variability easy to implement to other dataset or regions for operational
was observed mainly due to the variability of the agricultural applications were proposed. However, several points still re-
practices performed at field scale (irrigation and mowing). It main to improve which are listed below.
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Fig. 9. Comparison between biomass observed and simulated by STICS for the 47 fields of the studied farm.
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Table 5. Comparison between STICS simulations where main inputs (LAI, cut and irrigation dates) varied for the period 1 January—-31

October 2006 (forced meant computed from remote sensing data, simulated: computed by the model; cases 1 and 2, only one simulation wa
performed and compared to the average of yields observed over the 47 fields surveyed + rmse, for the other cases, rmse: relative standar
error and bias were computed).

Studied Cases Biomass (t/ha) AET (mm) Irrigation (mm) RMSE, biais/
yield obs

Input Information source

case 1 LAI simulated 15.9 1002 660 number: 33 16.6-0.43
cut dates simulated
Irrigation simulated (20 mm)

case 2 LAI simulated 16.7 986 620 16.6-0.32

number: 16

cut dates simulated
Irrigation simulated (40 mm)

case 3 LAI simulated 18.9 min—max: 1002 min—max: 660 1.6-1.1
cut dates forced 10.5-21.6 963-1037 number: 17
Irrigation simulated (40 mm)

case 4 LAI simulated 15.7 min—max: 986 min—max: 1500 0.84-0.34
cut dates forced 10-20.7 940-1037 number: 13-17
Irrigation forced (100 mm)

case 5 LAI forced 19.9 min-max: 1018 min-max: 660 1.7-1
cut dates forced 11.1-23.4 985-1074 number: 16-17
Irrigation simulated (40 mm)

case 6 LAI forced 17.0 min—max: 1037 min—max: 1500 0.6-0.26
cut dates forced 11-21.9 996-1074 number: 13-17
Irrigation forced (100 mm)

The validation at this regional scale is often a problem, be-recorded at regular time step on three additional grasslands in
cause generally there are no observations or measuremerttse Crau region. These measurements should allow to check
everywhere of numerous variables. In our case, only yieldsour future simulations, but these validations will be always
observed for 120 fields were collected. For the next years, ivery punctual. An alternative would be to compare evapo-
should be noted that new micrometeorological stations willtranspiration maps simulated by STICS with maps obtained
be set up with continuous measurements of evapotranspirdrom another models simulating soil vegetation atmosphere
tion, associated with observations of the ground table levelgransfer (SVAT models, for example, SEBAL, see Courault et
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al., 2008). This approach would have the advantage to coveworld, and the future sensors like Sentinel or Venus (Dedieu
all the study area but concerns only few dates where thermagt al., 2006) with characteristics similar to FORMOSAT-2,
data are available (if SEBAL is used). This track is currently it would be possible to get data at fine resolution with a
being studied in our laboratory. high revisit time for the next years in numerous regions.
Another point to improve is with respect to the irriga- Sentinel 2 would cover all the earth and will be used in
tion. In flooding irrigation method, generally, a great wa- to Global Monitoring for Environment an(_J Security pro-

) e . ' on hi q gram (GMES), Kttp://esamultimedia.esa.int/docs/GMES/
ter quantity is lost by drainage (up to 60%). In this study, G\ES Sentinel2MRD _issue2.0 update.pdf Crop models
constant water supply (100 mm/irrigation event) was pre-forced with such remote sensing data have thus an added
scribed for each field. It was a first simplified approach yajue as the agricultural practices performed at landscape
necessary to improve because this quantity can vary accordscale can be accurately detected and mapped. This should
ing to different factors among them: soil permeability, re- help us in the future, to quantify the impacts of practice
gional water managers. .. This water amount could be bettemodifications due to global changes, both on crop production
fit using assimilation procedures into STICS model (Olioso and environment.
et al., 2005). That supposes to find observations strongly
linked with the soil water content. In addition, these ob-
servations must be acquired with a fine time step for fol-AcknowledgementsThis study was part of projects financed
lowing irrigation practices €10 days). Numerous studies PY the MIP-PACA regions in France and by the CNES (DAR

. ol : 2006 TOSCA). The FORMOSAT-2 images used in this study are
have discussed about the potentialities of thermal or mi NSPO (2006) and distributed by Spot Image S. A. all rights

crowave datf"‘ for assessing soil moisture variability (Jacob e eserved. Authors thank the different institutions and farmers for
al., 2008; Wigneron et al., 1999). But currently, there are NOgrveys and measurements performed on their fields.

satellites which provide similar temporal and spatial resolu-

tion such as FORMOSAT-2 in this spectral range. MODIS Egited by: D. Fernndez Prieto

(EOS) or AVHRR (from NOAA meteorological satellites)

deliver thermal data on a daily basis but with a coarse spa-

tial resolution of 1km. A higher resolution was achieved

by Landsat (TM: 120m, ETM: 60 m), and ASTER (90 m) References

but the time revisit is low (16 days), and do not allow to

detect grgssland irrigatioq occurring with on average evernypijarin s.. Gleyzes, J. P., Latry, C., Bouillon, A., Breton, E.,
10 days in our study region. There is currently & strong  cynin, L., Vesco, C., and Delvit, J. M: Validation of an automatic
demand from the scientific community for having thermal  jmage orthorectification processing. IGARSS’s Proceedings, 20—
sensors with finer resolution, such as the former European 24 September 2004, 2, 1398-1401, ISBN1390-7803-8742-1392,
Space Agency candidate Earth Explorer mission, SPECTRA 2004.

mission (Jacob et al., 2008), or future MISTIGRI mission Baret, F. and Guerif, M.: Remote detection and quantification of
currently in study by CNES (Garcia Moreno et al., 2009) plant stress: opportunities remote sensing observations, Com-
or HyspIRI (seehttp://hyspiri.jpl.nasa.goy/ It should be parat'ive Biochemistry and Physiology a-Molecular & Integrative
noted also the future high-temporal SAR data eg Sentinel-1, Physiology, 143, S148-5148, 2006. _
(seehttp://space.skyrocket.de/indésame.htm?http://space. aret, F., Hagolle, ©., Geiger, B., Bicheron, P., Miras, B., Huc,
skyrocket.de/dasdat/sentinel- 1.htivhich should provide M., Berthelot, B., Nino, F., Weiss, M., Samain, O., Roujean,
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monitoring.
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