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Abstract 

Hydrological models are generally unable to simulate correctly water exchanges at the soil-  
atmosphere interface and the time evolution of surface soil humidity. This drawback often leads 
to poor simulation of  water flows after periods of  low flows because of the wrong estimation of 
the surface soil water content. In this paper, we describe how remote sensing can be used to 
account for the vegetation in the estimation of the actual evapotranspiration, and to estimate 
soil moisture regularly throughout the year and use it to correct the model simulation. This 
work has been done on the Adour river basin, in the framework of the HAPEX-MOBILHY 
experiment. The results presented show the improvements that result from the use of remote 
sensing data in hydrological modelling: better simulation of the soil moisture and of water flows 
at the outlets, and more realistic calculation of evaporation. 

1. Introduction 

The understanding of the continental water cycle and of the parameters that 
characterize the hydrological environment requires the modelling of the hydrological 
systems to control the surface and the underground water. If one wants to describe the 
hydrological processes and to take into account the physical relations between the 
causes and the effects, deterministic models have to be used. Such modelling is not 
staightforward. Difficulties generally arise from the lack of information on several 
factors. The first and most important one is the variation of precipitation and 
evaporation with time and space; other factors are the spatial variations of watershed 
characteristics (topography, soils, vegetation, etc.), the anthropogenic influences on 

*Corresponding author. 

0022-1694/94/$07.00 © 1994 - Elsevier Science B.V. All rights reserved 
SSD I 0022-1694(94)02465-N 



242 C. Ottl~, D. Vidal-Madjar / Journal of Hydrology 158 (1994) 241 264 

the components of the hydrological cycle, and the non-linearity of the mass and 
energy transfer processes. 

Because of their high variability in space and time, precipitation and evaporation 
are generally not known accurately, and originate from a few meteorological stations 
located across the watershed, which are not able to provide data at the model grid 
resolution. For this reason, remote sensing is the only way to provide more inform- 
ation on these variables because it gives integrated parameters on the pixel scale. 

Recent studies have shown that precipitation, evaporation, snow cover height, land 
uses, soil types and soil moisture are parameters which can be estimated from space 
with visible, IR or microwave sensors (Kustas et al., 1989). 

In this study, we show how satellite remote sensing can be used to improve the 
calculation of the surface hydrological budget simulated by a hydrological model over 
a large watershed. We show how visible and near-IR data can be used to predetermine 
land surface parameters, and how thermal IR data are suitable to estimate the surface 
energy budget and consequently the evaporation. 

Various studies have shown that the surface temperature estimated from space can 
be used to infer surface fluxes such as evaporation and soil moisture by using a rough 
surface model, provided the measurements are made around the maximum daily 
value (Carlson et al., 1981; Taconet et al., 1986). As evaporation is a parameter 
that varies with time, and as this method only applies when cloudless satellite images 
are available over the region under study, it cannot be assimilated directly in the 
hydrological model. It is preferable to estimate the soil humidity in the soil layer 
contributing to the evapotranspiration. This parameter is less variable with time 
and can be used to provide regular corrections of the surface reservoir content 
simulated by the hydrological model. 

We have chosen to work with NOAA-AVHRR (advanced very high resolution 
radiometer) satellite data because of the overpass time of this satellite over the region 
(around 13:00 h) and its repetitivity. Our method is illustrated in Fig. 1. From 
knowledge of precipitation and potential evaporation, the hydrological model 
simulates the evolution of the soil moisture (Wp) in the surface layer of the watershed 
and the waterflows on a daily time basis. At the same time, when a clear sky satellite 
image is available (for day j =L),  the interface model can be run provided the 
atmospheric forcing and the soil and vegetation parameters are known. Then, the 
surface temperature estimated from the satellite IR data permits us to estimate the 
surface soil humidity over the river basin which can be finally assimilated in the 
hydrological model for this particular day. The hydrological simulation, corrected 
in this way, is continued until another cloudless image is available. 

This work has been done in the framework of the HAPEX-MOBILHY (hydrologic 
atmospheric experiment-modilisation du bilan hydrique) experiment with the 
hydrological model of Girard (1974) and Ledoux (1980), which is a distributed 
conceptual model implemented over the Adour river basin in SW France. 

First, the general method is presented. Then, after a brief description of the experi- 
ment and of the hydrological model used, we show how to obtain soil moisture from 
IR data, and describe its assimilation in the hydrological model and the results 
obtained. 
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Fig. 1. Presentation of the method. 

2. The HAPEX-MOBILHY experiment: general description 

The HAPEX-MOBILHY programme (hereafter HM), has been initiated to study 
the hydrological budget and the evaporation fluxes at the scale of a general circulation 
model grid square of the order of 100 km x 100 km (Andr6 et al., 1988). 

This experiment took place in France during a period of 2 years in 1985-1986. The 
chosen site is situated in the SW of the country and watered by the Adour river 
system, as shown in Fig. 2. The upper part of the region is covered by the Landes 
forest and the rest of the grid square by mixed crops. Although this experiment has 
been described in many papers, it may be useful to recall here the major pieces of 
equipment which have been installed within the region: 42 Pr6vision Am61ior6e, 
Technique d'Affinement de la Climatologie (PATAC) automatic weather stations 
(Service M6t6orologique Inter R6gional Sud-Ouest (SMIRSO), 1985), 59 rain 
gauges, 33 streamflow gauges, 12 Syst~me Automatique de Mesure de rEvapotran- 
spiration R6elle stations devoted to the measurements of the various components of 
the surface energy budget (Itier, 1982; Riou, 1982) and equipped with neutron probes 
for soil moisture profile measurements. 

During a special observing period (SOP), between 7 May 1986 and 15 July 1986, 
additional measurements were performed: intensive tropospheric radiosoundings, 
airborne fluxes and radiometric measurements with NCAR King-Air and NASA 
C130 aircraft, and simultaneously, ground-truth measurements relating to 
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Fig. 2. The Adour river system. 

vegetation processes. Concerning satellite data, all the cloudless NOAA-AVHRR 
images available at the Space Meteorological Centre (CMS) in Lannion (France) 
have been archived as well as a LANDSAT Thematic Mapper (TM) image of the 
HAPEX square. To simulate the streamfiows over the Adour river basin, a hydro- 
logical model (Girard and Boukerma, 1985) has been implemented. 

3. The hydrological model 

3.1. Model  description 

The model has already been described by Ottl6 and Vidal-Madjar (1989). It is a 
deterministic model, composed of two coupled domains, the surface layer and the 
underground layer. In the surface layer, the rainfall is subdivided into storage, runoff 
and infiltration. In the underground layer, the model calculates the transfer to and 
between the water tables. As more than 90°,4 of the ground water transfers take place 
in the first aquifer, the underground domain is represented by only one layer. The 
two domains (the surface and underground layers) have been discretized over square 
meshes with sides ranging from 1.25 km to 5 km. The discretization of the surface 
layer is composed of 1208 meshes. For each of these meshes, the direction of the water 
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Fig. 3. Map of the meteorological zones. 

flows has been plotted based on the topographic analysis, and ten outlets have been 
kept corresponding to ten watersheds, of which five are under control. An important 
point for the simulation of the surface runoff is the characterization of the different 
soil types for each surface mesh. From geological, pedological and survey maps, a soil 
classification composed of nine classes has been defined and a percentage of each of 
these soil types has been assigned to each mesh (Ottl6 et al., 1989). 

The surface domain has been divided in 84 homogeneous precipitation zones 
grouping meshes for which the same daily amount of rainfall is assigned. Then, 
these zones have been grouped into six evaporative zones around the meteorological 
stations where potential evaporation is measured routinely (Fig. 3). These stations are 
Agen, Mont de Marsan, Pau, Cazaux, Tarbes and Dax. 

The model simulates the water flows by means of three mechanisms: the first is the 
production function which subdivides rainfall into storage within the first reservoir, 
surface runoff, evaporation and infiltration into the underground layer. The second 
mechanism calculates the surface transport, routing the runoff from each grid-point 
to the closest river mesh following the drainage directions (Fig. 4). Finally, the third 
routine calculates the infiltration into the water tables, the underground transfers and 
the water flows coming back up to the surface layer, which are allowed only in the 
river meshes. The time step of the calculations is 1 day. This is sufficient for our 
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Fig. 4. Production scheme of the hydrological model. 

purpose which is to perform simulations over time periods of one decade. The 
coupled model has been calibrated on a time period of 9 years to set the water 
capacities, the infiltration rates and the concentration times for each soil type. The 
model has then been run on the 2 years of the HM experiment. 

The primary objective of this work is to improve the simulation of the water 
budget, especially the estimation of the actual evapotranspiration, and to assimilate 
soil water contents of soil layers contributing to the evaporation. For this purpose, it 
has been necessary to separate the surface reservoir into two layers: the superficial soil 
layer corresponding to the first 10 cm of soil, and the root zone of the vegetation, 
extending approximately through the first 1 m. Consequently, we have introduced in 
the hydrological model the surface parametrization already used in our (surface 
fluxes/surface temperature) inversion model. 

3.2. Description of the production scheme of the hydrological model 

As presented in our first paper (Ottl6 et al., 1989), the surface parametrization of the 
hydrological model (Girard and Boukerma, 1985) has to be changed to allow for the 
coupling to the interface model. The surface layer is now represented by the surface 
parametrization derived from Deardorff (1977), and proposed by Bernard et al. (1986). 
The surface layer is represented as shown in Fig. 5, by two layers (the surface layer is 
included in the bulk layer) and the soil humidities are calculated by a force restore method. 

The time evolution of the soil moistures His for the superficial layer and Wp for the 
bulk layer are given by the following equations: 

O W s - P - E s  C(Ws, Wp)(W ~ -  Hip) (1) 
Ot ds 
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Fig. 5. Surface parametrization proposed by Bernard et al. (1986). 

0 Wp = e - R - Ep (2) 

Ot dp 

where ds = 0.1 m and dp = 1.2 m are the respective heights of the two layers of water 
content Ws and Wp, P is precipitation, Es is the surface evaporation, Ep is the bulk 
layer evaporation, R is the surface runoff (calculated only in the case of  bare soil to 
take into account the fact that rainfall infiltrates better over vegetated areas than over 
bare soils), and C is a pseudo-diffusivity which is a function of  the hydraulic dif- 
fusivity and of the thickness of the two layers. 

When the bulk layer is saturated, the excess water is subdivided into infiltration to 
the underground and runoff to the river, depending on the infiltration threshold Fn. 
Finally, if necessary, two additional reservoirs add a delay to the infiltration and to 
the runoff. To improve the calculation of the evaporation, we have separated the 
evaporation of the bare soil from the evapotranspiration, according to Deardorff 
(1978). 

3.3. Modelling evapotranspiration 

The study of the local fluxes measured by the SAMER stations during the experi- 
ment allowed us to adjust the parametrization of the evaporation functions in the 
hydrological model. According to the results of  BenMehrez et al. (1992a,b), it appears 
necessary to take into account the nature of  the surface and its vegetation cover and 
to calculate the total evaporation as the sum of  the contributions of the vegetation 
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and of  the bare surface. For  that purpose, it is necessary to determine, throughout the 
year, the land use classification and the fraction of vegetation cover. 

The land use classification has been performed using satellite optical imagery. The 
spectral properties of leaves and particularly of chlorophyll leads to the vegetation 
having a low reflectance in the visible range and a high reflectance in the near-IR 
range. Therefore, a combination of  these two reflectances is a good indicator of the 
vegetation amount. The normal difference vegetation index (NDVI) (Deering et al., 
1975) is defined as follows: 

NDVI - Rym - Rvm (3) 
RNIR + RVIS 

where R are reflectances and the indices NIR and VIS refer to the near-IR and visible 
spectral bands. The vegetation fractional cover f c  can be deduced from the study of  
the yearly variation of this index using the equation 

NDVI - NDVImin 
J~' = (4) 

NDVIma x - NDVlmi n 

where NDVImi n and NDVImax are the minimum and maximum values observed 
during the whole vegetative period. 

Satellite image processing 
All the N O A A - A V H R R  images archived for this project have been processed in 

our laboratory. The image processing involves calibration and registration. The 
calibration has been done using the coefficients given by the AVHRR on-board 
calibration. The images were rectified to geographic coordinates. Registration and 
resampling eventually lead to an image with 1 km 2 pixels. At this stage of  the 
corrections, the images are not all coregistered and there remains a little offset that 
is corrected through visual exploration on an image-processing workstation. The 
AVHRR radiometer makes measurements in five spectral bands. The first channel 
corresponds to visible wavelengths, the second to near-IR, the third to medium IR 
and the fourth and fifth to thermal IR. To compute the NDVI, we have taken the two 
first channels of the radiometer. 

However, this index depends on the solar and viewing angles and is very sensitive to 
atmospheric properties and to the presence of  aerosols. Therefore, to estimatefc, it is 
necessary to apply corrections to minimize these effects. The data have been corrected 
using a simplified version of  the radiative transfer model 5S (Tanr6 et al., 1990) 
developed by Phulpin et al. (1989). Then, we have selected in our data base, contain- 
ing about 200 images, the maximum NDVI images on a weekly basis: 26 images have 
been kept in this way. This method permits us to select only the situations of  mini- 
mum aerosols content (Holben et al., 1986). 

The analysis of these images and the comparison with the classification of the 
vegetation made from a LANDSAT TM image of 16 June (J. Hirsch, personal 
communication, 1988) combined with ground-truth information allowed us to dis- 
tinguish four classes in the HM region--forests,  winter crops, summer crops and 
mixed crops regions--whose behaviours are clearly differentiated. In Fig. 6, the 
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Fig. 6. Temporal variation of the NDVI for the different classes of vegetation. 

NDVI for each of these four classes is plotted. It can be seen that the variation of the 
NDVI is about the same for the 2 years of the experiment. Also, it is possible from 
these plots to differentiate four periods in the vegetative cycle: the period of bare soil 
when the NDVI is minimum; the period of vegetation growth when the NDVI rises to 
its maximum value; the period of maturity characterized by constant values; the 
senescence period with a rapid decrease of the index. As our purpose is only to 
determine the beginning of these four periods, the variations of the NDVI can be 
approximated by segments of straight lines. 

Calculation o f  the evaporation 
For these four periods, the vegetation fractional cover has been deduced and the 

total evaporation of the bulk layer can be calculated by the following equation: 

Ep = fcEv + (1 -- fC)Ebs (5) 

where Ev is the daily evapotranspiration and Ebs is the daily bare soil evaporation. As 
the input for the hydrological model is the decade potential evaporation, it appears 
necessary to parametrize Ebs and Ev in terms of the potential evaporation and of the 
soil moisture. For the evaluation of E v, we also have to take into account the state of 
maturity of the vegetation because it strongly influences the stomatal resistance to 
evapotranspiration. To fit these formulations, the interface model has been run and 
the flux measurements made at the SAMER stations have been used. 

Following the work of BenMehrez et al. (1992a,b), the functional parameters of the 
interface model have been calibrated for all the soils (sand and sandy loam) and 
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Table 1 
Coefficients for the calculation of the limit evaporation for the various soil types 

a b Wsat 

Sand 30 37 0.35 
Sandy loam 26 49 0.42 
Loamy clay 15 5 0.55 

vegetation types (corn and oat crops) available during the SOP of the HM experi- 
ment. The results lead to a fitting of the following functions. 

(1) Bare soil evaporation Ebs is estimated by 

Ebs = ozEpo t (6) 

where a is a soil resistance coefficient which takes into account the surface drying and 
Epo t is the potential evaporation. It is based on the concept of limit evaporation 
(Wetzel and Chang, 1987; Soar~s at al., 1988), and is defined by analytic expressions 
depending on the soil hydraulic diffusivity, a can be written as 

= min(1, Elim/Epot) (7) 

Elim has been fitted according to the function given by Soar6s et al. (1988) for the two 
soil types (sand and sandy loam): 

Wsat 
Elim = aexp(bWs2)(Ws~t--- Ws) (8) 

where a and b are constants depending on the soil nature and Wsat is the saturation 
soil moisture. All numerical values of these parameters are given in Table 1. Over the 
HAPEX square, a few loamy clay soils can also be found. As no SAMER stations 
were installed on these soils, coefficients a, b and Wsat have been set to the values 
found in a previous work over a loamy clay soil in Finland (Sucksdorff and Ottl& 
1990). 

(2) The evapotranspiration Ev is estimated by 

E v =/~Epo  t (9) 

where [3 is a coefficient depending on the root zone moisture and on the daily 
resistance to evapotranspiration. To adjust these functions, the daily evaporation 
fluxes measured at the SAMER stations have been fitted for two different periods 
of maturity of the vegetation: during the growing period and after maturity. The 
relationships have been fitted by regression on the soil humidity, and the following 
formulations have been found. 

Before maturity: 

= 1 - exp(-7Wp/Wsat)  (10) 

After maturity: 

= 0.2511 - exp(-5 Wp/Ws~t)] (11) 

For the forested areas, the evaporation has been simulated with the interface model 
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Table 2 
Calibration parameters of the hydrological model for the 9 production zones 

Wpmax Wpmin Fn Cqr Qrmax Cqi Qimax 
(ram) (ram) (mm day- i) (day- 1) ( r a m )  (day-l) (ram) 

Sandy soils 200 120 18 0.3 100 0.1 120 
Recent alluvium 240 40 10 0.6 15 0.1 50 
Old alluvium 144 35 13 0.6 10 0.1 125 
Puddled clay 216 40 - 2 0.6 40 0.1 10 
Fawn-coloured sand 384 125 10 0.6 60 0.1 120 
Molasse, marn, clay 384 90 6 0.6 20 0.05 90 
Calcereous soils 360 120 15 0.6 40 O. 1 60 
Marl-calcereous soils 240 40 -10 0.6 15 0.05 100 
Stretch of water 20 20 1 0.6 5 O. 1 5 

using the average vegetation parameters  (leaf area index (LAI), minimum resistance 
to evaporat ion and height of  trees) measured over the Landes forest (Diawara et al., 
1991). The following relationship has been found: 

/3 = 1 - e x p ( - 2 . 5 W p / W s a t )  (12) 

The total evaporation Es of  the superficial soil layer is defined in the same way, as the 
sum of  two terms: the bare soil evaporation and the evapotranspiration. To take into 
account the vertical distribution of  the root  system, only 20% of  the total evapo- 
transpiration can be taken up in this layer. The following relationship has been used: 

E s = 0.2fc(Ws/Wsat)E v + (1 --fc)ebs (13) 

3.4. Introduction in the hydrological model  

These functions have been introduced in the hydrological model and the hydraulic 
diffusivity between the two layers of  the surface, adjusted for the 9 production zones 
corresponding to the different soil types. The values are given in Table 2 with the 
other parameters  of  the surface scheme: maximum and minimum heights o f  the 
reservoir, Wpmax and Wpmin , infiltration thresholds and rate (Fn, Qimax and Cqi), 
and runoff threshold and rate (Qrmax, Cqr). The model has been run with this new 
production scheme and parameters  on the 3 years between 1984 and 1986 and we 
analyse the results of  the last 2 years (1985-1986). 

4. Calibration of the surface fluxes-surface temperature model 

4.1. Description o f  the model  and procedure 

The one-dimensional so i l -vegeta t ion-a tmosphere  model has been described in 
several papers (Taconet et al., 1986; Soar6s et al., 1988; Sucksdorff and Ottl6, 1990; 
Ottl6 and Vidal-Madjar 1991; BenMehrez et al., 1992a,b). The model calculates the 
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surface fluxes, the surface temperature and the surface soil moisture by solving 
simultaneously the energy budget equation on the bare soil surface and above the 
canopy. An adequate partition of  the incident energy fluxes between the vegetation 
and the soil is assumed as well as the knowledge of the daily variation of  the 
atmospheric forcing and the characteristics of  the soil and of  the vegetation. The 
soil is represented by a two-layer system derived from Deardorff (1978) and modified 
by Bernard et al. (1986). The thermal and hydraulic transfers are described by three 
important parameters: thermal inertia, hydraulic diffusivity and limit evaporation. In 
the model, the vegetation is represented by one single foliage layer with negligible heat 
capacity, which shields the ground more or less completely depending on a shielding 
factor S f  The most sensitive parameters characterizing the canopy in the model are 
the vegetation height, the LAI (which corresponds to the area of  leaves per unit of  
surface) and the minimum resistance to evaporation. All three parameters depend on 
the type of  vegetation and its state of  maturity. 

The interface model can be used in the direct way to calculate the fluxes and the 
surface radiative temperature, if the soil and vegetation parameters, the soil humidity 
and the atmospheric components are given. But it can also be used inversely. Thus, if 
the radiative surface temperature as well as all the functional parameters are known, 
the model may be used to retrieve one unknown variable. Taconet et al. (1986) have 
shown that the knowledge of surface temperature around its maximum daily value (at 
midday and estimated from IR remote sensing) is sufficient to obtain one sensitive 
vegetation parameter of the model (in this case, the minimum resistance to the 
evaporation). If  the six soil and vegetation parameters are known, the soil variable 
which can be retrieved may be the soil moisture in one of the two layers. Over bare 
soils, as the surface temperature is very sensitive to soil evaporation, which is mostly 
determined by soil humidity in the surface layer W~, the surface temperature allows to 
estimate Ws. In the same way, over dense vegetation covers, as the evapotranspiration 
is strongly related to the soil humidity in the root zone, the foliage temperature 
permits estimation of  the soil moisture of  the bulk layer Wp. Over partial covers, 
where the soil and the vegetation both contribute to the total evaporation, it is 
possible to estimate either of the two soil moistures Ws or Wp. In our case, we 
have first tested the sensitivity of  the hydrological model to the surface soil humidity 
Ws, to see whether it is interesting to re-initialize it during the periods of bare soils or 
partial covers. 

4.2. Sensitivity tests and period of inversion chosen 

To test the sensitivity of  the hydrological model to surface soil moisture, the model 
has been run over the 2 years 1984-1985 with a noise of +10% added to Ws. The 
results show that the total runoff of  the year 1985 has not significantly changed. The 
r.m.s, difference obtained is 16 mm, which amounts to about 3% of the total runoff. 
The same test has been performed to evaluate the sensitivity to the bulk layer moisture 
Wp. In this case, for the same noise value, the changes were much greater. The r.m.s. 
difference was 223 mm, which represents about 50% of the total water flows. These 
results are not really surprising, as the water flows are mostly determined by the 



C. Ottl~, D. Vidal-Madjar / Journal of Hydrology 158 (1994) 241-264 253 

Table 3 
Coefficients used in the calculation of the thermal conductivity for the various soil types 

tv kl k2 

Sand 0.31 0.08 0.93 
Sandy loam 0.26 0.05 0.35 
Loamy clay 0.34 0.06 0.52 

content of the bulk layer in our model. Moreover, the surface humidity influences the 
hydrologic budget only during the period of bare soils, that is, during winter months 
when the soils are often saturated and the evaporation is very low because of the low 
atmospheric demand. Then, the consequences of a poor simulation of the soil surface 
moisture are less important than errors on the bulk layer humidity. Consequently, it is 
sufficient to assimilate only the soil moisture of the bulk layer in the hydrological 
model. For that purpose, we have run our soil-vegetation-atmosphere interface 
model for all the days when cloudless satellite images are available and for all the 
meshes of the hydrological model. 

4.3. Calibration of  the interface model 

Before the model can be run, the soil and vegetation parameters have to be adjusted 
for all the meshes of the hydrological model and the atmospheric input data have to 
be prescribed. 

Soil parameters 
The three key soil parameters which have to be calibrated in the model are the 

thermal inertia, the hydraulic diffusivity and the limit evaporation. These quantities 
depend on the soil moisture and on the soil characteristics. They have been adjusted 
locally as explained in the section 'Satellite image processing' for the three soil types 
available on the HAPEX square--sand, sandy loam and loamy clay (Sucksdorff and 
Ottlr, 1990; BenMehrez et al., 1992a). All meshes have been classified into these three 
classes, and the soil parameters are defined by the thermal inertia and hydraulic 
diffusivity, as follows. 

The thermal inertia P is written 

P = (pck) 1/2 (14) 

where Pc is the heat capacity and k is the thermal conductivity. They both vary with 
the soil composition and the soil moisture. According to BenMehrez et al. (1992a), we 
have chosen 

Pc = (w+ Ws)4.18 x 106(jK-lm -3) (15) 

k = kl + k2(Ws) 1/2 (16) 

where w, kl and k2 are constants for each type of soil, and given in Table 3. 
The hydraulic diffusivity D w has been calculated from Zobler's measurements 
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reported by Abramapoulos et al. (1988) for sandy, loamy and clay soils and the limit 
evaporation fitted has already been given in the section 'Satellite image processing'. 

Vegetation parameters 
The three key vegetation parameters of our model are the height of the vegetation, 

the minimum leaf resistance to the evaporation, and the LAI. They all depend on the 
type and on the physiology of  the vegetation. 

Minimum leaf resistance 
Taconet et al. (1986) and BenMehrez et al. (1992b) have shown that the minimum 

leaf resistance for wheat, corn and oats during the growth period has values of  about 
50-100 s m-1 and increases rapidly during maturity to around 1000 s m -1 . As these 
cereals represent most of  the vegetation available over the region, we have kept these 
values in our simulations. As the model is very sensitive to this parameter, we have 
tried to work on two daytime consecutive images and to obtain both soil moisture and 
leaf resistance. However, it has not been possible to find more than four sets of  
cloudless consecutive images in the 2 years of  data. Therefore, we had to set the 
resistance of  each class of  vegetation assuming that, on average, all the pixels belong- 
ing to a given class have the same maturity. The chosen values have the same order of  
magnitude for the different classes, lower than 100 s m -1 during the growth period, 
varying between 100 and 500 s m -I during the maturity period and greater than 500 
and up to 1700 s m -l after that. 

Leaf area index (LAI) 
This parameter has been parametrized according to Kanemasu et al. (1977), who, 

considering various agricultural plants, established a simple relationship between the 
LAI and the vegetation fractional cover fc: 

fc = 1 - e xp ( -0 .4 tAI )  (17) 

The fractional cover is calculated with the NDVI for each mesh of  the hydrological 
model and the LAI is estimated using Eq. (16). 

Height of the vegetation 
Taconet et al. (1986) have shown that this parameter is less sensitive than the other 

two; this is fortunate, because there is at present no way to estimate this variable from 
space. We had to relate it to known parameters. During the SOP of the HM experi- 
ment, the vegetation height (He) and LAI have been measured and a relationship 
between them has been found. It can be represented by the following equations: 

H~ = 0.56LAI (LAI ~< 1) 

H c = 0.23LAI + 0.33 (1 <~ LAI ~< 3) (18) 

Hc = 0.75LAI - 1.17 (LAI/> 3) 

This relationship has been established for a corn crop. We could not find other 
relationship of  this type in the literature. Therefore, as a first approximation, we 
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have kept this relationship for the summer crops as this class is mostly composed of 
corn. However, for winter crops, as their maturity height is lower by about 1 m for 
wheat and colza, these relationships have been multiplied by the ratio of the 
maximum heights, that is 0.5. For mixed crops, the ratio has been estimated as 0.7. 
In this way, we have 

ns = n¢ 

nw = 0.5He (19) 

H m = 0.7He 

where Hs is the height of summer crops, Hw the height of winter crops and Hm the 
height of mixed crops. It is clear that for this study that we are a little short of 
measurements to calibrate accurately all parameters of our model. However, we 
will see below that despite the calibration uncertainties, the model is able to simulate 
correctly the hydrologic budget and its variation. We can note that, in the future, it 
will be possible to estimate all these parameters from space. The synergistic use of 
optical instruments and microwave radar might permit us to obtain the surface 
temperature from the thermal IR measurements, the amount of vegetation from 
the NDVI, its height with synthetic aperture radar (SAR) interferometry and finally 
the soil roughness from the SAR back-scattering coefficient, directly related over bare 
surfaces to its superficial moisture. This is possible today, by combining the instru- 
ments of the European satellite ERS1 and the US NOAA series. 

Atmospheric data 
The input atmospheric data necessary to run the interface model are the daily 

variations of the incoming solar radiation, the air temperature and humidity, and 
the wind speed at 2 m. All these measurements were made automatically every 30 min 
at the PATAC weather stations during the 2 years of the experiment. These stations 
are distributed all over SW France. A first analysis of the data for the days cor- 
responding to the satellite data acquired, has shown the great homogeneity of the 
air temperature data, with a small negative gradient from the SW to the NE of the 
square (around 1 K). The air humidity and the wind speed is more variable. To assign 
these four variables to each of the 5 km × 5 km meshes, as a first approximation, we 
have interpolated the data at the centre of each mesh by a linear interpolation in terms 
of the different distances to the stations. These data have been interpolated on a time 
step of 6 min to run our interface model. 

5. The inversion procedure 

Once the model is calibrated and the atmospheric data are prepared, the model can 
be run on all the meshes of the hydrological model. However, as we want to use it in 
the inverse way, we have to extract the average surface temperature for each mesh 
from the thermal IR data. 

The estimation of land surface temperature from thermal IR remote sensing is 
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difficult because the radiation emitted from the surface and measured by the satellite 
depends both on its temperature and on its emissivity. As there is no way at the 
present time to estimate the emissivity from space and as it can be much less than 
unity over bare soils, it is not easy to estimate the confidence that one can have in its 
estimation. In this study, as we have worked over vegetative areas, we can assume that 
the emissivity is around 0.98 with a standard deviation of  0.01, which leads to an error 
less than 1.5 K on the estimated temperature (Ottl6 and Stoll, 1993). 

5.1. Atmospheric corrections 

To estimate the surface temperature from the thermal IR satellite measurements, 
the radiances or the brightness temperatures must first be corrected for atmospheric 
absorption. This can be done by different methods, and a recent study (Ottl6 and 
Vidal-Madjar, 1992) has shown that both give approximately the same results with an 
r.m.s, difference less than 1 K. We have used the so-called split-window method 
(Prabhakara et al., 1974; Anding and Kauth, 1979; Deschamps and Phulpin, 1980) 
to calculate the surface temperature. This method uses the differential absorption in 
the two spectral bands of  channels 4 and 5 of  AVHRR (11 and 12 #m) to eliminate the 
atmospheric effects. The surface temperature may be written in terms of the two 
brightness temperatures T4 and T 5 measured in the two spectral bands and is given by 

Ts -- al T4 + a2 T5 + a3 (20) 

where al, a2 and a 3 have been calculated by regression between surface temperature 
and associated brightness temperatures modelled by means of an accurate radiative 
line-by-line transfer model for a large number of  atmospheric situations, for different 
surface emissivity values and viewing conditions (Ottl6 and Vidal-Madjar, 1992). The 
coefficients chosen are those calculated for temperate atmospheres and for a surface 
emissivity of  0.98. They depend on the satellite viewing angle which has been cal- 
culated for each image. The surface temperature has been calculated on a pixel-by- 
pixel basis and averaged over the 5 km x 5 km meshes. 

6. Inversion of the interface model and assimilation of the inferred soil moisture in the 
hydrological model 

The objective of  our study is to use the estimation of  the soil moisture deduced from 
the energy budget observed from space, to correct the simulated content of the 
hydrological model's surface reservoir. For that purpose, we have kept only the 
images corresponding to partial covers with an LAI greater than two, where we 
have tested that the radiative surface temperature is more sensitive to root zone 
humidity than to superficial humidity. 

For  each of  the days for which all data and satellite images are available, the 
interface model can be run with the hydrological model surface moisture as an initial 
value on all the meshes. The soil humidity Wp is modified until the difference between 
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Table 4 
Annual water flows simulated by the three versions of the model 

Water flow (ram year-I) 

1985 1986 

Model 1 448 383 
Model 2 479 398 
Model 3 480 408 

the modelled surface radiative temperature and the observed one is less than 1.5 K. If  
the variation of  the soil moisture has no effect on the surface simulated temperature, 
the model is not inverted. 

The difference between the soil moisture inferred in this way and the initial one 
simulated by the hydrological model is then averaged on all meshes constituting the 
precipitation areas presented in Section 3.1. We have proceeded in this way because 
the calculations in the hydrological model are made by precipitation and production 
zones. The difference is finally introduced in the hydrological model and it is run until 
a new satellite image is available. This work has been done for 24 images on the 2 
years of  the experiment. 

7. Results 

7.1. Annual  water f lows 

In this section, we will compare three simulations of  the hydrological model on the 
2 years 1985-1986: the first, Run 1, was run with the first version of  the hydrological 
model (Model l; Girard and Boukerma's surface parametrization), the second, Run 
2, was run with the second version of  the model (Model 2) in which the calculation of  
the surface budget has been changed as well as the calculation of  the evaporation, and 
the last, Run 3, is the second version of  the model (Model 2) in which we have 
assimilated the soil moisture inferred from the thermal IR  imagery. 

The results on the total runoff are shown for the 2 years and the three versions of  
the model in Table 4. The total runoff over the ten river basins has increased by 33 mm 
in 1985 and by 15 mm in 1986 between Run 2 and Run 1. The differences are less 
important  when comparing Run 3 and Run 2, where the difference is 1 mm in 1985 
and 11 mm in 1986. This increase of  the total runoff with the new surface scheme is 
mostly owing to the evapotranspiration calculation. A monthly analysis shows that 
the evaporation is lower with the new scheme during the periods of  partial cover, so 
the reservoirs empty more slowly. The consequence is that the evapotranspiration is 
greater during summers. These modifications lead to larger annual water flows. 
Comparing Runs 3 and 2, we can see that the assimilation tends in general to increase 
the content of  the surface reservoir and to increase the evaporation during the 
vegetative period as well as the water flows. 



258 c. OttlO, D. Vidal-Madjar / Journal of Hydrology 158 (1994) 241-264 

ADOUR 
8 0 0  = = I J 

- -  RUN 3 
7 0 0 -  

........... RUN 1 

6 0 0 -  

~ 400- 
3 0 0 ,  

2 0 0  

1 0 0  

0 I I I I I 
0 7 3  1 4 6  2 1 9  2 9 2  3 6 5  

D O Y  

LUY de FRANCE 300~ I I i I I 
' RUN 3 

250-  . . . . . . . . . . .  R u N 1  

,oo-  } 
15o 
l O O  

5 0  

o ~ -  " -  f I I 
0 7 3  1 4 6  2 1 9  2 9 2  3 6 5  

D O Y  

Fig. 7. Daily water flows modelled over the Adour and Luy de France river basins. 

7.2. Daily water f lows  

To appreciate the improvements that result f rom the use of  this new scheme and the 
assimilation of  soil moisture, the water flows calculated at the outlets of  the ten river 
basins of  the area under study have been plotted. We show in Fig. 7 the two river 
basins of  the southern part  of  the H M  square: the Adour  river basin and the Luy de 
France river basin. The first covers an area of  6925 km 2 and the second an area of  
1184 km 2. The water flows are plotted for the year 1986. 

The comparison shows that the simulated flows are very similar in both runs. The 
flood peaks are a little larger and the recession is quicker in Run 3 than in Run 1. 
However, the major  difference is that the small floods after the summer at the pre- 
cipitation recovery are simulated on Run 3, whereas they did not appear in Run 1. 
There are two reasons for this: the second surface scheme consists of  two layers and 
the calculation of the evaporation limits the drying of  the soils. Consequently, the 
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Fig. 8. Monthly water flows over the Luy de France river basin obtained by Model 1 compared with the 
observations. 

response to the precipitation is quicker compared with a model with only one layer 
which is generally completely empty at the end of  summer. Unfortunately, we do not 
have the measured flows for these 2 years, but looking at the results of Model 1 for the 
years 1974-1982 and for the Luy de France river basin, in Fig. 8 we see that the 
periods of  low flows (summer months) and peak flows are generally underestimated. 
As far as daily water flows are concerned, the same drawback is observed for the 
Adour river basin (Fig. 9): the flood peaks are underestimated, the recession is too 
slow and the low water discharge is too high compared with the observations. It seems 
that these drawbacks are corrected with the new surface scheme. 

7.3. Soil moisture 

It is interesting to compare now the evolution of  the surface reservoir Wp during the 
2 years studied, for the three runs (Fig. 10), for different meshes corresponding to 
SAMER stations, where neutron probe measurements have been taken in the first 1 m 
of  soil. This comparison has been made for all SAMER stations, but we show here the 
results for two sites, Vicq and Bats, corresponding respectively to SAMER 7 and 
SAMER 8 in Fig. 3. It is difficult to compare local measurements with the changes in 
the average soil moisture over a mesh of  5 km x 5 km but it allows us to see if the 
annual evolution is correct. A preliminary study has shown that after elimination of  
the irrigated stations, the data are very homogeneous and the soundings can be 
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Fig. 9. Dai ly  water flows over the Adou r  r iver basin obtained by Mode l  I compared with the observations. 

separated in two classes corresponding to the soil type- -sandy or loamy soils. This 
result has also been shown by Goutorbe et al. (1989). 

Comparing Run 2 with Run 1, we see that the water budget seems to be better 
represented with the new scheme. The drying of the surface begins later and is slower, 
and the remoistening is quicker and in better agreement with the observations. The 
maximum drying out has also the right order of  magnitude and we no longer observe 
cases where the minimum level of  the reservoir is reached at the beginning of  summer 
and evaporation is zero in the absence of  precipitation. 

In the same figure (Fig. 10), Run 3 simulation is also plotted. The assimilation days 
are noted on the horizontal axis and in this case no conclusion can be drawn; for some 
stations, the data assimilated tend to bring the simulation closer to observations and 
in other cases, it is the contrary. Overall, however, it seems that the soil moisture is 
better simulated in Run 3. 

7.4. Evaporation 

An important point is the estimation of  evaporation. The SAMER stations give an 
estimate of evaporation at the field scale which is representative of a larger region. 
Andre et al. (1990) have shown that the SAMER measurements are well correlated 
with the aircraft flux measurements integrated over a larger region. 

We have compared evaporation as measured by the SAMER stations during the 5 
months of  measurements of the SOP in 1986 with the simulated evaporation over the 
corresponding meshes (Fig. 11). The results show a better agreement of Run 3 with 
the observations, especially for the months of July and August when Run 1 simulates 
very low and unrealistic values, a consequence of  the drawback indicated above 
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(excessive evaporation as long as there is some water in the soil and nothing more 
until the reservoir fills up again). The standard deviation is 1.1 for Run 1 against 
SAMER measurements and 0.7 for Run 3. 

8. Conclusion 

The parametrization of  the surface exchanges at the soil-atmosphere interface is a 
domain which has been often neglected in hydrological models. This study shows the 
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improvements that result from the consideration of a realistic and physically based 
modelling of  the superficial soil. The use of a two-layer parametrization of the surface 
and the taking into account of the vegetation and of its evolution contribute to large 
improvements in the daily simulation of  soil moisture and of  the water flows. We have 
seen also that the regional evaporation calculated by the hydrological model is more 
realistic and in better agreement with the observations. In this study, we had to use the 
soil representation of Bernard et al. (1986) for consistency with our soil-atmosphere 
interface model. It is obvious that a two-layer model performs better than a single- 
layer one because it reacts more quickly to rainfall. However, this parametrization 
might be improved in various ways. For example, it would be interesting to test more 
sophisticated multi-layer modellings. The interception of  precipitation by the 
vegetation is also a process which should be taken into account and investigated. 
Our results also present a method to correct the hydrological model's simulation of  
the surface water exchanges by using an indirect measurement of the soil's capability 
to evaporate moisture. This estimation from space of the soil relative humidity 
permits us not only to palliate the derivations of  the models owing to the imperfect 
parametrizations of  the different processes, but also to correct, to some extent, the 
errors made in the estimation of the water supplies of  the hydrological systems related 
to the imprecise knowledge of  the spatial variation of  the precipitation and the failure 
to take into account irrigation, which cannot be neglected in most agricultural 
regions. 

This work is a first attempt to use visible and thermal IR remote sensing in hydro- 
logical models. The classification of vegetation and the following of  its seasonal 
evolution can be easily implemented. Clearly, the inversion of  the interface model 
on the grid meshes and the assimilation of  the soil moisture into the hydrological 
model is a difficult task and requires a meteorological network for the interface model 
to be run. However, we have shown that if the atmospheric forcing and the soil and 
vegetation types are known, aJl the parameters can be estimated either from literature 
measurements or from remote sensing data. As the mesh size of the hydrological 
model is at least of  the order of 1 km 2, remote sensing tools are well adapted for 
the estimation of some surface parameters of  the hydrological models. Another 
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domain which should help improve hydrological modelling is the estimation of pre- 
cipitation. Combining the future precipitation spaceborne radars with the IR sensors 
will provide information on the spatial variability of rain and on its characteristics. In 
conclusion, different techniques will permit, in the very near future, the estimation of 
important hydrological variables from space. Investigations are necessary now to find 
ways to introduce this information easily into hydrological models. 
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