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Abstract. Agricultural landscapes often include a patchwork of crop fields whose seasonal evolution is dependent on
specific crop rotation patterns and phenologies. This temporal and spatial heterogeneity affects surface hydrometeorological
processes as simulated by land surface and distributed hydrological models. Sentinel-2 mission satellite remote sensing
products allow for the monitoring of land cover and vegetation dynamics at unprecedented spatial resolutions and revisit
frequencies (20 m and 5 days, respectively) that are fully compatible with such heterogeneous agricultural landscapes. Here,
we evaluate the impact of Sentinel-2-like remote sensing data on the simulation of surface water and energy flux via the
ISBA-SURFEX land surface model. The study area is a 24 km by 24 km agricultural zone in southwestern France. An initial
reference simulation was conducted from 2006-2010 using the ECOCLIMAP-II database. This global numerical land
ecosystem database was created at a 1 km resolution and includes an ecosystem classification with a consistent set of land
surface parameters required for the model, such as the Leaf Area Index (LAI) and albedo measures. The LAI of
ECOCLIMAP is climatologic and derived from a 2000-2005 analysis of MODIS satellite products. This low resolution
induces that several vegetation covers can be mixed in a model cell. The climatic construction of LAI dynamics also
suggests that there is no interannual variability in the vegetation cycle. A second simulation was performed by forcing the
same model with annual land cover maps and monthly LAI values derived from a series of 105 8 m-resolution Formosat-2
images for the same period. Both simulations were conducted at the parcel scale, i.e., a computation unit covers an area of
connected pixels of the same vegetation type (a crop field, forest patch, etc.). To evaluate our simulations, we used in situ
measurements of evapotranspiration and latent and sensible heat flux from two eddy covariance stations in the study area.
Our results show that the use of Formosat-2 high-resolution products significantly improves simulated evapotranspiration
results with respect to ECOCLIMAP-II, especially when a surface is covered with summer crops (the correlation coefficient
with monthly measurements is increased by roughly 0.3 and the root mean square error is decreased by roughly 31%). This
finding is attributable to a better description of LAI evolution processes reflected by Formosat-2 data, which further modify
soil water content and drainage levels of deep soil reservoirs. Effects on annual drainage patterns remain small but
significant, i.e., an increase roughly equivalent to 4% of annual precipitation levels from Formosat-2 data in comparison to

reference values. In smaller proportions, runoff is also increased by roughly 1% of annual precipitation when using
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Formosat-2 data. This study illustrates the potential for the Sentinel-2 mission to better represent effects of crop management

on water budgeting for large, anthropized river basins.

1 Introduction

In a heavily anthropized river basin, agricultural practices modify the type and evolution of vegetation cover present, which
can profoundly alter hydrological cycles. In such basins, the more accurate description of crop dynamics and of their effects
on water flux is critical to improving the monitoring of water resources (Foley & al., 2005; Martin & al. 2016).

Land surface models (LSMs), such as the Variable Infiltration Capacity or SURFEX models, are increasingly used as
distributed hydrological models to study and forecast water resource evolution (e.g., Habets & al., 2008; Tesemma & al.,
2015). In land surface models or Soil-Vegetation Atmosphere Transfer schemes (SVAT), the Leaf Area Index (LAI), which
represents the evaporative surface area of vegetation, is the main index used to parameterize the effect of vegetation
dynamics on evapotranspiration. The LAI is often derived or directly taken from reference tables organized by vegetation
type (Verseghy & al., 1993; Maurer & al., 2002; Masson & al., 2003; Oleson & al., 2008; Boussetta & al., 2013; Faroux &
al., 2013). The LAl is generally computed from low- to mid-resolution long-term satellite records from AVHRR or MODIS,
but it is climatological (interannually invariant), i.e., it does not allow one to determine the impact of annual vegetation
variability on water and energy flux on the land surface (Tang & al., 2012; Ford & Quiring, 2013). Studies have shown that
prescribing an annual variable of remotely sensed the LAI in LSM improves estimations of water and energy flux between
the soil and atmosphere, and mainly through evapotranspiration (Van den Hurk & al., 2003; Jarlan & al., 2008; Tang & al.,
2012; Ford & Quiring, 2013). These studies used LAI values drawn from low- to mid-resolution satellite imagery, i.e.,
AVHRR (Van den Hurk & al., 2003) or MODIS (Tang & al., 2012; Ford & Quiring, 2013). However, for many cultivated
areas, field plot areas rarely exceed typical MODIS product pixel sizes (500 m, i.e., 25 hectares). As a result, MODIS pixels
contain mixed LAl signatures of different crop types. Trezza & al. (2013) and Nagler & al. (2013) concluded that the use of
remote sensing products with a 500 m spatial resolution (in their cases, the MODIS Normalized Difference Vegetation
Index) generates inaccurate evapotranspiration estimations. Indeed spatially averaging vegetation indexes such as the LAI
also involves averaging different types of vegetation with different phenologies, degrading their actual temporal variability.
This can be exacerbated for regions where both summer and winter crops are cultivated, as is the case for our study area in
southwestern France.

The recently launched Sentinel-2 mission will generate multispectral imagery of land areas at a decametric resolution (10 m
to 60 m depending on the band) over a 5-day revisit period. These data can improve descriptions of vegetation and water
processes in agricultural landscapes for which mid-resolution imagery has not been adapted (Ferrant & al., 2014; Ferrant &
al., 2016).

In this study, we used the ISBA land surface model as part of the SURFEX modeling platform (Masson & al., 2013). The

SURFEX was developed to represent surface processes of the operational atmospheric models and hydrological models of
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Météo-France. It is also used for research purposes in the fields of climatology, meteorology and hydrology. The ISBA is a
submodel that simulates water and energy exchange in the soil-vegetation-atmosphere continuum (outside of urban and lake
areas). It uses the ECOCLIMAP-II database to determine vegetation types and associated parameters (e.g., LAI, fractional
vegetation cover, and albedo) at a spatial resolution of 1 km (Masson & al., 2003; Faroux & al., 2013). The ECOCLIMAP-II
LAl is climatological with a temporal resolution of 10 days. It was derived from MODIS and SPOT-VEGETATION satellite
observations collected between 1999 and 2005. Up to 12 vegetation types or plant functional types (PFTs) can be included in
an ECOCLIMAP-II grid cell. The LAI of each PFT is determined by unmixing the grid cell MODIS LAl using neighboring,
unmixed pixels.

This study evaluates the impact of introducing high-resolution information on vegetation type and the LAI from Sentinel-2-
like observations rather than ECOCLIMAP-II in ISBA-SURFEX simulations. The study area is a pilot site in southwestern
France (Dejoux & al., 2012). This site is considered to be representative of the cultivated area in the upper Garonne River
Basin. A fraction (estimated at 13%) of crop fields in the area is irrigated, but we chose not to focus on effects of irrigation
due to a lack of spatially distributed data on irrigation quantity and timing. LAI and land cover values were determined from
a 5-year time series of Formosat-2 satellite images, which has similar spatio-temporal characteristics as Sentinel-2. The
model was applied at the “field” scale to identify a homogeneous vegetation type for each computation unit (one
computation unit has only one PFT). This field-scale modeling approach allows one to determine the spatial variability of
LAI values between fields while limiting the computation time in comparison to a pixel-based approach. Our results are
compared to in situ measurements of evapotranspiration and sensible heat flux and to a reference simulation based on
ECOCLIMAP-I1I. Finally, we discuss the limitations of this work and challenges that must be addressed when upscaling this

study to the Garonne River Basin scale using Sentinel-2 data.

2 Model and data
2.1 SURFEX-ISBA model and forcing

SURFEX is a modeling platform developed by the CNRM/Meteo-France to simulate exchanges between land surfaces and
the atmosphere (Masson & al., 2013). It is composed of four modules to simulate radiative budget and hydrological flux
patterns for towns, lakes, oceans and natural areas. In this study, we used the ISBA nature model. The ISBA model uses
meteorological and physiographic data to simulate energy and water flux between land surfaces and the atmosphere (Fig. 1).
The meteorological forcing is drawn from SAFRAN reanalysis data (Quintana & al., 2007), which provides precipitation
data (in solid and liquid form), air temperature and specific humidity data at 2 meters, air pressure data, and wind and solar
radiation data at hourly time intervals at an 8 km resolution. The SAFRAN data were spatially linearly interpolated to match
parcel centroids. Regarding soil parameters, by default, the ISBA uses the Harmonized World Soil Database
(FAO/IIASA/ISRIC/ISS-CAS/IRC, 2012), which gives the percentage of clay and sand at a 30 arc-second (~1 km)

resolution. Soil parameters were then computed using empirical pedotransfer functions (Masson & al., 2013).

3
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The ECOCLIMAP-II database (Faroux & al., 2013) is used to describe vegetation cover at a 1 km resolution, thus
corresponding to the resolution of the SURFEX-ISBA simulation grid. Vegetation parameters were deduced from satellite
products (MODIS, SPOT, FORMOSAT, etc.) for 273 ecosystems. These ecosystems were based on vegetation types,
climates and soil textures. Twelve different functional plant types (PFT, also referred to as patches) are considered in the
ISBA (Fig. 2) to describe these ecosystems. Each pixel in the SURFEX-ISBA belongs to a unique ecosystem and thus is
described as a combination of these patches. Vegetation parameters are thus determined for each ecosystem patch. Some of
the parameters are fixed such as root depth and minimal stomatal resistance, and some are temporally variable such as albedo
and the LAI. In particular, the LAI follows a cycle determined from MODIS LAI analysis data for 2000 to 2005 averaged for
each vegetation type of each ecosystem with a temporal resolution of 10 days (Faroux & al., 2013).

The ISBA then uses these parameters to simulate fluxes at a 1 km resolution. The SURFEX separately simulates all variables
for each vegetation type present in the pixels, and then based on the fraction of each type as a weighting coefficient, it

calculates global pixel fluxes.

2.2 Data

All remote sensing and in situ data were collected as part of the Observatoire Spatial Régional (OSR) project for an
agricultural area of southwestern France near Toulouse (Fig. 3, Dejoux & al., 2012). This area is considered to be
representative of the cultivated area of the Garonne River Basin, which is characterized by a variety of land cover forms. The
two main types of crops found in this area are irrigated summer crops such as maize or soy plants and non-irrigated rotation

crops such as wheat and sunflower plants.

2.2.1 Formosat-2 Leaf Area Index

Formosat-2 is an NSPO (Taiwan) satellite that can generate daily multispectral images of the Earth’s surface at an 8 m
resolution and with a swath of 24 km. It functions on a tasking mode, i.e., it does not acquire data systematically like
Sentinel-2 but rather must be programmed for a target area. Its sensor detects radiation within four frequency bands of blue,
green, red and near-infrared. After geometric, atmospheric and radiometric corrections were made and clouds are detected
(Hagolle & al., 2008 and 2010), measured reflectances were entered into the neural network BV-NET, which inverts the
PROSAIL radiative transfer model (Claverie, 2012). This neural network deduces a set of vegetation parameters (among
them the LAI and fraction of vegetation cover (FCOVER)) for each pixel. It thus generates 8-m resolution LAI maps for
each date and pixels without cloud obstruction. Finally, we had access to 105 clear images on our study area for 2006-2010.
The LAI product was validated by Veloso & al. (2012) for the same area and time period as those used in this study with
destructive measurements on the vegetation. The time series of LAI maps was then spatially averaged at the field scale using
the land cover map (Sect. 2.2.2 below), was interpolated between available dates and was finally temporally averaged to
obtain monthly forcings of LAI for each field of the domain.
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2.2.2 Formosat-2 land cover maps

Annual land cover maps were generated using the previously described Formosat-2 image time series (Fig. 4, Ducrot & al.,
2005, 2007 and 2009). Then, a supervised classification algorithm was applied to determine the vegetation type of each
parcel. The algorithm uses annual Normalized Difference Vegetation Index (NDVI) profiles to separate pixels into classes
with similar NDVI profiles. We identified 34 classes. The classification was adjusted through “Politique Agricole

Commune” observations, which assign crop types for a subset of fields in images from farmers’ official declarations.

2.2.3 In situ measurements

We used in situ measurements drawn from two eddy covariance stations in the simulation domain located at Auradé
(43°32°58.81” N, 01°06°22.08” E) and Lamasquére (43°50'05” N, 01°24'19” E) to evaluate the simulations. The Auradé plot
is located on a hillside near Garonne river terraces. It belongs to a private cereal production farm with a wheat-sunflower-
wheat-rapeseed rotation. At this site, only grain is exported, straw is stored and the plot is never irrigated. The Lamasqueére
plot is part of an experimental milk production farm. It is positioned along the Touch River and is characterized by a maize-
winter wheat-maize-winter wheat rotation. All aboveground biomass is exported as cow feed and bedding. Maize grown in
the Lamasquere plot is irrigated. In 2006, irrigation levels were measured at 147 mm between June and August.

Each flux site is equipped with 1) eddy covariance systems to measure half-hourly sensible heat flux and evapotranspiration;
2) meteorological sensors that measure radiation (CNR1, Kipp & Zonen), wind speed (Windvane / prop Young), air
temperature and humidity (HMP35, Vaisala); and 3) soil profile probes for water content measurements (CS616, Campbell
Scientific) collected at depths of 5 cm, 10 cm, 30 cm, and 60 cm. The eddy covariance (EC) system generates turbulent
measurements of 3-D wind components (Campbell, CSAT 3) and of atmospheric concentrations of CO, and H,O using an
open path Infrared Gas Analyzer (LiCor LI-7500, IRGA). These scalars are measured at 20 Hz and are integrated over 30
minutes to generate surface fluxes according to CarboEurope-IP flux computation procedures (Béziat et al, 2009).

The LAI was also measured for these sites using a destructive method (Claverie 2012, Ferrant et al. 2014). At both flux sites,
vegetation samples were collected along two transects crossing the field over the entire growing season until harvesting
roughly once a month. Ten to twenty 1.5 m-long rows were collected on each sampling day. The organs of the collected
plants were separated into green and yellow leaves, stems, flowers and fruits. The Plant Area Index (PAI) was defined as
half the surfaces of all green organs, and the Leaf Area Index (LAI) was defined as half the surfaces of green leaves; it was
measured by means of a LiCor planimeter (L13100, LiCor, Lincoln, NE, USA).
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3 Methods
3.1 Numerical Experiments

We conducted two experiments to evaluate effects of the Formosat-2 LAI and land cover maps on the SURFEX-ISBA
simulations. The simulated domain covers a 24x24 km area near Toulouse in southwestern France (Fig. 3). Simulations were
carried out from 2006 to 2010. Our objective was to preserve the uniqueness of vegetation types within computation units to
avoid mixing the LAI profiles of several crop types. A discretization of the domain with a regular grid based on cartographic
coordinates as it is done by default via the SURFEX would require employing a grid resolution of at least 50 m to capture
the spatial heterogeneity of the landscape (230,400 grid cells). The study area was thus discretized using an original
approach: rather than using a regular grid, we used the land cover map to identify connected regions of pixels sharing a
common PFT (using GDAL polygonize utility with 4-pixel connectedness). This discretization does not necessarily match
actual crop fields because two adjacent fields with the same PFT are merged into one parcel. However, in general, a
“numerical parcel” corresponds to a cultivated parcel. A parcel can also correspond to a non-cultivated area, such as a forest
patch. These homogeneous parcels were determined for each year of the simulation period, as the land cover maps differ
from one year to another mainly due to crop rotations. The parcel approach generates lower computation costs than the
regular grid approach. The domain is composed of 12,500 to 14,500 parcels depending on the year considered, representing
84% to 91% of the total image area. The remaining surface corresponds to roads, lanes, rivers and strips of lawn between
fields, which are not simulated in this study.

The first simulation (ECOCLIMAP) is the reference simulation. It simulates fluxes based on ECOCLIMAP-II vegetation
parameters, including the climatological LAl and vegetation fraction (Sect. 2.1). ECOCLIMAP parameters are interpolated
on parcel centroids with interpolation functions included in the SURFEX-ISBA.

The second simulation (FORMOSAT) was carried out by prescribing the LAI using the monthly Formosat-2 LAI (Sect.
2.2.1) rather than the ECOCLIMAP-II LAI. Each parcel was also assigned a unique PFT obtained from the FORMOSAT
land cover maps. We first aggregated the 34 classes of the original land cover maps to match the 12 standard PFTs of the
SURFEX (Table 1). The other vegetation parameters were drawn from the ECOCLIMAP-I1I for the corresponding PFT.

3.2 Comparison methods

We extracted the outputs of both simulations from the Auradé and Lamasquére station parcels. We then calculated
correlation coefficient (R?) and Root-Mean Square Error (RMSE) values between monthly averages of the measured and
simulated latent heat fluxes (LE, evapotranspiration). Then, we analyzed differences between both simulations for the entire
modeling domain by calculating correlation coefficients between the monthly simulated evapotranspiration time series for
each parcel. These correlation maps allow one to identify parcels where effects of using Formosat-2 data on the temporal

evolution of evapotranspiration are more pronounced.
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Eventually, we aggregated the simulated LAI, evapotranspiration, drainage, runoff and Soil Water Index (SWI, Eq. (1), Le

Moigne 2012) values of all of the parcels based on PFT values to analyze effects of the Formosat-2 products by vegetation

type.

SW] = X" Wwilt (1)

where w is the volumetric soil water content, w,;; iS the volumetric soil water content at the wilting point and w is the

Wre— Wwilt

volumetric soil water content at field capacity.

4 Results
4.1 Local comparisons with in situ measurements

Our simulated evapotranspiration comparisons between eddy covariance measurements of the study sites in Auradé and
Lamasquére show that using Formosat-2 data in the SURFEX simulation improves the correlation and RMSE of almost
every year (Tables 2 and 3). The improvement is more significant when measurement fields are covered in sunflower or
maize crops, i.e., summer crops. By contrast, the effects of Formosat-2 data are not as strong for wheat and rapeseed crops,
i.e., winter crops.

To understand why these differences appear, we compared the time series of LAl and evapotranspiration for both sites for
2006 (Fig. 5 and 6). Silage maize was grown in Lamasquere in 2006. This crop is harvested before plant senescence; hence,
the observed cycle is shorter than a typical maize cycle. Figure 5 shows that the LAI is more realistic when using Formosat-2
data rather than the ECOCLIMAP-1I MODIS climatologic LAI. The FORMOSAT LAl phenological cycle is shorter and is
in agreement with the LAI cycle observed in situ. LAI value increases due to crop growth and LAI value decline due to
harvesting are well represented. By contrast, the ECOCLIMAP LAl is too high in the autumn and winter. This shows that for
this specific location and vegetation type (C4 crop type), the ECOCLIMAP-11 unmixing algorithm of MODIS LAI data does
not allow one to capture the actual trajectory of LAI evolution. This may be attributable to (i) the unmixing algorithm itself,
(ii) the temporal averaging method used to create the climatological LAI, and (iii) small woodland areas or strips of lawn
between crops fields that cannot be resolved using MODIS, although they maintain moderate LAI values during the winter.
This better description of the LAI based on Formosat-2 leads to a better simulation of evapotranspiration timing (Fig. 6). In
particular, the evapotranspiration peak is delayed by one month for summer crops (i.e., on Lamasquére) and thus fits the
measurements better (Sect. 4.2 below). However, the Formosat-2 data do not match the actual amplitude of the
evapotranspiration peak. This is most likely due to the lack of irrigation in the model given that the Lamasquére site was
irrigated between June and August (147 mm). Adding the measured irrigation rates to the SAFRAN precipitation forcing

improves this simulation with respect to LE measurements (not shown here).
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By contrast, differences in evapotranspiration levels are minor for the Auradé site, which was covered in wheat crops in
2006. LAI evolution patterns occurring during the crop growth period are similar. The main difference between both

experiments occurs after the harvest period but does not lead to large differences in LE values (Sect. 4.2).

4.2 Spatial comparisons with the Formosat-2 image

We computed the correlation coefficient between the simulated evapotranspiration time series for both experiments for each
parcel. Figure 7 illustrates the distribution of correlation coefficients grouped by land cover type. A small correlation value
denotes that the evapotranspiration time series are not in phase. Evapotranspiration patterns are not heavily modified outside
of the crop fields (Fig. 7a), generating a correlation coefficient of almost 1 and low levels of value dispersion. From the crop
areas, two populations can be identified: winter and summer crops. The temporal evolution of winter crop evapotranspiration
(mostly wheat, C3) is not heavily modified (Fig. 7b). However, the effect is much more significant for summer crops (mostly
maize (C4), sunflower (C3) and soy (C3) plants), generating a median correlation coefficient that is lower than that of wheat
and a considerable degree of value dispersion depending on the year (Fig. 7c and 7d).

Local results suggest that the ECOCLIMAP LAl forcing does not allow for a correct representation of the evapotranspiration
fluxes of summer crops over the entire domain because it does not capture their phenology with sufficient precision,
especially in regard to the temporal extent of the cycle. Replacing the C3 and C4 classes of the ECOCLIMAP (based on the
plant photosynthesis mechanism) with summer and winter crops classes, even when using a climatologic LAI, may increase
the precision of simulated evapotranspiration patterns for these types of crops. The identified dependence on the year may be
due to agricultural practices such as sowing or harvesting dates, which are related to climatic conditions of a given year. The
MODIS climatologic LAI included in ECOCLIMAP-II cannot simulate interannual variability like Formosat-2. It is thus
unable to capture effects of these practices on vegetation phenology, thus producing significant differences from the actual
LAI cycle.

To further understand effects on hydrometeorological processes, we compared the monthly differences of both experiments
on LAI and evapotranspiration (LE) dynamics. The results were aggregated by averaging each variable of all of the C4 crop
fields (maize and sorghum) for 2008 (Fig. 8a). We also compared daily Soil Water Index (SWI, Fig. 8b), drainage (DRAIN)
and runoff (Fig. 8c) differences. As was done for the previous point-scale analysis (Sect. 4.1), the difference in LE denotes
the delay in the evapotranspiration peak with a negative difference occurring during the spring (ECOCLIMAP is higher than
FORMOSAT) and with a peak occurring during the summer (Fig. 8a). It is strongly correlated with the difference in LAI as
well. The lower LAI level occurring during the spring in the FORMOSAT experiment induces a lower transpiration level
because the evaporative surfaces of each plant are restricted, thus enhancing their capacity for stomatal resistance. As a
result, the SWI remains higher than that of the ECOCLIMAP simulation until the summer (Fig 8b). A higher SWI recorded
during the summer denotes that more water remains available for evaporation from the soil, thus rendering the LE is higher
during this period according to FORMOSAT experimental results. This explains why the LE difference is positive during the

summer even when there is almost no difference in LAI values. In the ISBA-SURFEX, drainage only occurs when the SWI

8
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is higher than 1 (Le Moigne, 2012), and so an increase in the SWI during the spring causes an increase in the drainage
volume (Fig. 8c), which can be significant over the year (Table 4), averaging at approximately 4% of annual precipitation
and at up to 8% for sunflower and wheat crop fields. Runoff is also affected by differences in the SWI (table 5) but in
smaller proportions. Indeed, the function used in both of our experiments to simulate runoff is based on the premise that even
when the SWI is lower than 1, rain can saturate part of a pixel’s upper soil layer, thus generating runoff in the pixel. This
dripping section of a pixel increases with soil moisture. This is not the case for drainage patterns, which require a saturation
of the entire soil root layer to occur. Thus, a higher SWI, even if it remains below a value of 1, suggests that a larger part of a
pixel is dripping, thus causing runoff levels to be higher in the FORMOSAT experiment (Fig 8c). However, irrigation
concerns continue to be the main limitation of our study given that roughly 13% of the fields in our domain are irrigated.
Incorporating irrigation rules similar to those of the MAELIA platform (Therond & al.,, 2014) could thus affect

evapotranspiration values and consequently SWI and drainage values.

5 Conclusion

The use of high spatial resolution and high revisit frequency Formosat-2 data rather than standard ECOCLIMAP-II
vegetation parameters was found to improve the representation of the vegetation phenology of the SURFEX for a cultivated
area characteristic of southwestern France. Local comparisons with in situ observations show that this in turn improves
monthly evapotranspiration simulations. This finding is particularly true for summer crops, whereas the impact is less
significant for winter crops and is even less significant outside of crop areas. From our spatial comparisons, we suggest that
our local scale results are likely transposable across the whole domain.

For crop growing areas, the Formosat-2 LAl is lower than that of ECOCLIMAP-II before crops grow, and thus, the Soil
Water Index (SWI) remains higher during the crop growing season. As a result, drainage and runoff levels are higher. The
SWI also decreases later in the summer, making more water available for evaporation from the soil in the summer. This
phenomenon generates a significant increase in evapotranspiration during the summer for summer crops when Formosat-2
products are used. Employing the ECOCLIMAP-II classification with a summer crop class may constitute a first step to
ameliorating ISBA-SURFEX model realism when it is applied to agricultural areas even with a climatologic LALI.

More generally, we showed that high-resolution land cover maps and LAI time series allow one to take into account effects
of the actual vegetative cycle of each parcel in an operational hydrometeorological model. These remote sensing products
capture complex anthropogenic effects on land surface properties (e.g., sowing and harvest dates and fertilizer inputs). In the
present study, Formosat-2 data were limited to a 24 km by 24 km area whereas water management agencies typically
manage river basins at a regional scale (above 10 km?). Sentinel-2A already images the Earth’ land area at a similar
radiometric spatial resolution over a 10-day revisit period. The optimal revisit period of 5 days should be achieved in the
next few months after the launch of Sentinel-2B. Our study shows that Sentinel-2 observations will soon allow us to improve

the monitoring of water resources in large anthropized river basins. Scalable algorithms for crop type mapping and LAl
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retrieval are now available (Li & al., 2015; Inglada & al., 2015), allowing for the processing of large areas. While the
computation costs of the hydrometeorological model at this spatial resolution may be an issue, the SURFEX land surface
model can run in a parallel mode using the Message Passing Interface protocol. Therefore, the focus of our future studies
will be to upscale this methodology to the Garonne River Basin using Landsat and SPOT-4/5 Take 5 data (Hagolle & al.,
2015) to evaluate the impact of these data on river discharge and groundwater recharge at the water resource management
scale.

Additional work must also be conducted to explicitly represent irrigation in the model. The approach presented in this paper
enables one to better match the timing of evapotranspiration over irrigated areas. However, it fails to represent its actual
amplitude, as there is no parameterization for water uptake from an aquifer or from surface water. Ongoing developments
will focus on the implementation of parsimonious rule-based irrigation parameterizations in the ISBA-SURFEX (Martin &
al., 2016). These developments will directly benefit from the high-resolution application of the ISBA-SURFEX presented in

this paper, as irrigation rules are partly constrained by land cover type (Therond & al., 2014).

The supplements related to this article are available online at: http://tully.ups-tlse.fr/simon/surfex-configuration-files

Code and data availability

The version of SURFEX wused in this study is the v7.3. The code is available here: http://www.umr-
cnrm.fr/surfex//data/BROWSER/out_doc73/index.html.

For the LAI data or land cover maps, please ask to the corresponding author.
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Figure 1: Schematic flowchart of ISBA inputs and outputs.
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Figure 7: Correlations between the evapotranspiration time series of the two experiments on: (a) uncultivated plots; (b) wheat

crops; (c) C4 crops (maize and sorghum); and (d) sunflower and soy crops. The boxplots show the medians in red. Edges of each
box represent quartiles whereas whiskers represent extreme values not considered as outliers (red dots for the outliers).
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Figure 8: (a) Differences in LAI (green) and evapotranspiration (red) between the two experiments (FORMOSAT-ECOCLIMAP)
; (b) Time series of Soil Water Index; (c) Differences in drainage (blue) and runoff (green) values; Averaged across C4 crops for
2008
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Formosat-2 cover map class

SURFEX class

16. Bare soil 1. Bare soil
4. Urban area
33. Gravel pit

41. Dense buildings 2 Rocks

42. Diffuse buildings
43. Industrial buildings
44. Urban mineral surface

3. Permanent snow and ice

231. Mixed broadleaf forest
2311. Poplar
2312. Eucalyptus

4, Deciduous forest

5. Evergreen forest

232. Mixed coniferous forest

6. Coniferous forest

15. Dual crops
121. Wheat
122. Barley

123. Rapeseed

132. Sunflower
134. Soya
135. Hemp

141. Protein plants
142. Spring barley
1321. Late sunflower
1411. Pea

7. C3 crops

131. Maize
133. Sorghum
1311. Non-irrigated maize

8. C4 crops

1312. Silage maize

9. Irrigated crops

22. & 112. Fallow

111. Meadow

1111. Temporary meadow
1112. Permanent meadow

10. C3 herbaceous plants

11. C4 herbaceous plants

31. River
32. Lake

12. Wetland

Table 1: Aggregation rules of Formosat-2 cover maps by SURFEX vegetation type
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Year  Crop type RZECOCLIMAP R2FORMOSAT RMSE RMSE
ECOCLIMAP FORMOSAT

2006 Wheat 0,91 0,92= 0,67 0,66 =

2007 Sunflower 0,67 0,90 +++ 1,72 0,98 +++

2008 Wheat 0,80 0,90 + 2,68 1,69 +++

2009 Rapeseed 0,96 0,96 = 0,59 0,64 =

2010 Wheat 0,89 0,98 + 1,72 165=

Table 2: Correlation coefficient and Root-Mean Square Error of evapotranspiration for the Auradé site

Year Crop type Rz ECOCLIMAP R2ZFORMOSAT RMSE RMSE
ECOCLIMAP FORMOSAT

2006 Maize 0,11 0,59 +++ 2,89 1,95 +++

2007 Wheat 0,77 0,95 ++ 1,84 1,29 ++

2008 Maize 0,51 0,79 +++ 2,35 1,63 +++

2009 Wheat 0,91 0,94 = 1,7 1,16 ++

2010 Maize 0,52 0,68 ++ 2,1 1,69 ++

5 Table 3: Correlation coefficient and Root-Mean Square Error of evapotranspiration for the Lamasquere site

Vegetation type 2006 2007 2008 2009 2010 Interannual

mean

Outside the crops 15 16 4l +20 +30 24
p (+2.9%) (+2.3%) (+5.3%) (+3.1%) (+4.7%) (+3.7%)

Wheat -3 -1 +61 +15 +20 +18
(-0.6%) (-0.2%) (+8.0%) (+2.3%) (+3.1%) (+2.8%)

Sunflower/soya +5 54 *ar +30 +48 37
Y (+0.9%) (+7.9%) (+6.1%) (+4.7%) (+7.5%) (+5.7%)

Maize/sorghum 4 +35 *35 +18 +32 25
9 (+0.7%) (+5.2%) (+4.6%) (+2.8%) (+5.0%) (+3.8%)

Table 4: Differences between FORMOSAT and ECOCLIMAP experiments on the annual drainage level in mm.yr? and the
corresponding fraction of annual precipitations in % (FORMOSAT-ECOCLIMAP).
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Vegetation type 2006 2007 2008 2009 2010 Interannual
mean
. +3 +4 +7 +4 +4 +4
Outside the crops (+0.6%) (+0.6%) (+0.9%) (+0.6%) (+0.7%) (+0.6%)
Wheat +1 +5 +17 +7 +4 +7
(+0.2%) (+0.7%) (+2.3%) (+1.1%) (+0.6%) (+1%)
Sunflower/soya +7 +13 +10 il +13 1
Y (+1.4%) (+1.9%) (+1.4%) (+1.7%) (+2.0%) (+1.7%)
. +6 +9 +10 +9 +9 +9
Maize/sorghum (+1.1%) (+1.3%) (+1.3%) (+1.4%) (+1.4%) (+1.3%)

Table 5: Differences between FORMOSAT and ECOCLIMAP experiments on annual runoff in mm.yr™* and the corresponding
fraction of annual precipitations in % (FORMOSAT-ECOCLIMAP).
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