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Abstract. We studied the possibility of estimating root zone soil moisture through the
combined use of a time series of observed surface soil moisture data and soil-vegetation-
atmosphere transfer modeling. The analysis was based on the interactions between soil-
biosphere-atmosphere surface scheme and two data sets obtained from soybean crops in
1989 and 1990. These data sets included detailed measurements of soil and vegetation
characteristics and mass and energy transfer in the soil-plant-atmosphere system. The data
measured during the 3-month experiment in 1989 are used to investigate the accuracy of
soil reservoir retrievals, as a function of the time period and frequency of measurements
of surface soil moisture involved in the retrieval process. This study contributes to better

defining the requirements for the use of remotely sensed microwave measurements of

surface soil moisture.

1. Introduction

Passive microwave remote sensing systems can now provide
information on surface soil moisture [Schmugge and Jackson,
1994; Jackson et al., 1995; Wigneron et al., 1995, 1996]. Using
aperture synthesis technology, passive microwave sensors can
estimate soil moisture on a regular (daily) basis and at a re-
gional scale (~10 km) [Le Vine et al., 1994; Kerr et al., 1997;
Wigneron et al., 1998]. Such systems would be very useful for
characterizing soil moisture, which is highly variable, in terms
of space and time.

Microwave remote sensing (RS) systems can provide infor-
mation on the moisture content of the upper layers of the soil
surface (~0-5-cm top soil layer). In hydrology and meteorol-
ogy the near-surface soil water content is a key variable for
accurately estimating water exchange between the surface and
the atmosphere [Chanzy and Bruckler, 1993; Daamen and Sim-
monds, 1996]. Microwave RS techniques cannot, however, pro-
vide direct estimates of water availability to plants since this
requires estimating soil moisture in the root zone. Water avail-
ability to plants is an important variable for evaluating vege-
tation transpiration, as well as a key factor in the energy and
water budgets of crop canopies and a basic factor in mesoscale
atmospheric circulation models [Noilhan and Calvet, 1995].

In order to estimate the soil water content in the root zone
from a time series of observed surface soil moisture it is nec-
essary to use a tool which “assimilates” the temporal informa-
tion on the land surface provided by the RS data. Soil-
vegetation-atmosphere transfer (SVAT) models, which
simulate the energy and mass fluxes at the soil-vegetation-
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atmosphere interface, are suitable tools for performing this
integration [Olioso et al., 1999]. Several recent studies have
investigated the possibility of assessing the water content in the
upper 1- or 2-m soil layer through the combined use of surface
variables and SVAT modeling [Entekhabi et al., 1994; Ragab,
1995; Calvet et al., 1998]. For instance, the feasibility of using
brightness temperature measurements (microwave and infra-
red channels) to solve the inverse problem associated with soil
moisture and heat profile was demonstrated by Entekhabi et al.
[1994]. This theoretical analysis was based on a Kalman filter
using radiative transfer and coupled moisture and heat diffu-
sion equations. Similarly, retrieval of the root zone soil mois-
ture values was performed by Calvet et al. [1998] using a con-
tinuous series of micrometeorological data measured on a
fallow site in 1995 (Monitoring the Usable Soil Reservoir Ex-
perimentally (MUREX) experiment). The study was based on
the Interactions between Soil-Biosphere-Atmosphere (ISBA)
surface scheme [Noilhan and Planton, 1989], which is used in
the operational simulations of the French weather forecast
model Action de Recherche Petite Echelle-Grande Echelle
(ARPEGE). Root zone soil moisture w, was retrieved during
a 15-day period from assimilation of ground measurements of
surface soil moisture or surface temperature. It was found that
one measurement of the near-surface soil moisture every 2—4
days during the 15-day period was sufficient to obtain good
estimates of w,. Promising results were obtained during two
30-day observation periods in spring and autumn 1995. This
study was based on data obtained over a short period of time,
and the sensitivity of the data retrieval process as a function of
the time frequency and integration period of the surface data
could not be investigated. The model calibration and the as-
similation of data were based on the same data set. It is im-
portant to evaluate the efficiency of the proposed method and
to show that for a given set of soil-vegetation conditions the
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model calibration remains constant, regardless of atmospheric
forcing. These are key questions which must be addressed to
demonstrate the potential interest of such a method for appli-
cations in the fields of hydrology, meteorology, and agriculture
and to prepare future space missions.

The present study investigated these aspects using two data
sets collected during the vegetation cycle of a soybean crop in
1989 and 1990 in Avignon. They included detailed measure-
ments of the soil and vegetation characteristics and the energy
and mass transfer in the soil-vegetation-atmosphere contin-
uum. The two soybean data sets included strongly contrasting
surface characteristics (in terms of soil moisture, surface tem-
perature, and vegetation biomass) over a 2- and 3-month pe-
riod of time due to irrigation, rainfall events, and the short
duration of the crop cycle (~3.5 months). The 1990 data set
was used to calibrate the ISBA simulations for a soybean crop.
The ISBA simulations of fluxes and soil moisture values, both
at the surface and at depth, were tested against the data col-
lected in 1989 and 1990. The requirements for using surface
soil moisture data in the retrieval process of the stored root
zone soil moisture was investigated using the 1989 data set,
which included observations made over a 3-month period. This
study contributes to analyzing the potential interest of frequent
surface soil moisture estimations, which could be made from
spaceborne RS measurements at a 1-5-day interval. The anal-
ysis of a time series of observed surface soil moisture, over a
10-30-day period, is very relevant since it could largely con-
tribute to support the development of spaceborne microwave
remote sensing systems.

2. Soybean Data Sets

The two data sets used in this study were collected during
the vegetation cycle of a soybean crop by two different teams
of the Institut National de la Recherche Agronomique (INRA)
Research Center in Avignon: the Soil Science Unit in 1989
[Bertuzzi et al., 1992] and the Bioclimatology Unit in 1990
[Olioso et al., 1996]. The two crops were grown at the same site,
a silty clay loam experimental field, from the beginning of July
to the end of October 1989 and from the beginning of July to
the end of September 1990. The data set period comprises day
of year (DOY) 200-278 in 1989 and 209-258 in 1990.

2.1. Flux and Vegetation Observations

The soybean crop cultivar used in 1989 (Glycine max cultivar
Weber) was different from that in 1990 (cultivar Labrador),
but both cultivars have very similar structural and phenological
characteristics. In 1989 the crop received 233 mm of water
from both rainfall and irrigation, and the initial soil water
content was close to field capacity. The crop reached a maxi-
mum leaf area index (LAI) of 4.9 on DOY 236. In 1990 the
crop received less irrigation water (total amount of water was
123 mm), and the initial soil water content was equal to field
capacity. The crop reached a maximum LAI of 3.8, a value
significantly smaller than in 1989. The data sets included con-
tinuous measurements of soil and vegetation characteristics
and of energy and mass transfer, obtained from classical me-
teorological observations combined with surface and water
budget measurements. In 1989 the emphasis was on the soil
water balance, and a detailed characterization of the soil water
transfer was performed [Bertuzzi et al., 1992]. Conversely, in
1990 the emphasis was placed on vegetation flux characteriza-
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tion, and vegetation water potential, stomatal conductance,
and leaf photosynthesis were measured for several days [Olioso
et al., 1996].

During both experiments, incident radiation, air tempera-
ture, wind speed, and vapor pressure were recorded above the
canopy. The energy balance was monitored using various sets
of instruments and the evapotranspiration flux L . was derived
from measurements of net radiation R,,, ground heat flux G ¢
and sensible heat flux H (all terms are expressed in W m™?)
with Bowen ratio and eddy correlation methods. It should be
noted that for 1989, because of technical problems with the
eddy correlation device, ~50% of the hourly evapotranspira-
tion data are missing in the data set (missing data can be found
during 47 days over the DOY 200-278 period).

The vegetation characteristics were monitored throughout
the crop cycle (in terms of wet and dry biomass (kg m~?), LAI,
crop height H. (in m), leaf angle distribution, and canopy
structure). Thermal infrared brightness temperatures were
continuously measured using radiometers (8—14 um) in verti-
cal orientation.

2.2. Soil Characteristics

Soil water content profiles, from 20 cm to ~1.6 m depth at
10 cm intervals, were recorded daily in 1989 and on a 2- or
3-day basis in 1990 with neutron probes. These moisture pro-
files were performed to obtain the water storage variations of
the root zone reservoir, with a high temporal resolution. In the
upper 20-cm soil layer, accurate moisture profiles were ob-
tained daily in 1989 at ~0800 UT from gravimetric measure-
ments at 0-1, 1-2,...,4-5, 5-7, 7-10, 10-15, and 15-20 cm. In
1990, only the top 0-5- or 5-10- and 10-20-cm soil layers were
sampled at the same time, on a 1- or 2-day basis. Soil moisture
characterization was therefore more exhaustive in 1989. Dry
bulk density was measured using a field transmission gamma
ray probe [Bertuzzi et al., 1987] at depths of 2-160 cm. The
volumetric water content was computed from measurements of
the gravimetric water content and of dry bulk density. Soil
temperature was automatically measured with platinum resis-
tance temperature probes inserted at different depths (1, 2, 5,
10, 20, and 50 cm).

An estimate of soil moisture at field capacity w - and at
wilting point W+ was obtained from the relationship be-
tween soil water potential and gravimetric water content com-
puted by Chanzy [1991] for two layers, 0-20 and 20-80 cm.
Wilting point and field capacity were computed for a soil with
water potential y¢ = —1.5 and —0.033 MPa, respectively.
Over the range of variations in dry bulk density p, (g cm ),
from the surface to 80-cm depth, the possible range of varia-
tions in W (m*> m?) and Wy (m® m~?) are given in Table
1. To calibrate ISBA, it is usually assumed that the water
content at field capacity w .~ corresponds to a value of hydrau-
lic conductivity of 0.1 mm d ' [Noilhan and Mahfouf, 1996]. In
addition, the wilting point wy, + depends not only on soil
characteristics but also on vegetation type. Therefore the range
of variations in Wy and wy r given in Table 1 are only
indicative, but they are useful for model calibration. From field
observations after rainfall events at the Avignon test site, soil
moisture at field capacity usually ranged between 0.31 and 0.33
m? m~>. This corresponds to the higher values of wy in
Table 1.
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Table 1. Measured Values of the Wilting Point w,; + and Field Capacity wc at Surface and at Depth
Wilting Point Wilting Point Range Field Capacity Range
WWILT of Variations, Field Capacity of Variations,
kg kg ! m’ m~? Wre, kg kg™! m’ m~?
Surface (0-20 cm) 0.100 0.120-0.150 0.187 0.224-0.280
Depth (20-80 cm) 0.124 0.173-0.210 0.183 0.256-0.311

Values of W+ and w - were computed by Chanzy [1991]. The range of variations is given in m® m~

g em? at 0-20 cm and p, ~ 1.4-1.7 g cm ™~ at depth (20-80 cm).

3. Method

The first step of the study is model calibration, which con-
sists of specifying the input parameters of ISBA. The second
step is the inversion process, which consists of retrieving the
root zone soil moisture w, from the time variations of the
near-surface soil moisture characteristics. The value of w,(7)
at date ¢ was obtained by minimizing the rms error between the
daily measured and simulated near-surface soil hydrological
characteristics. The rms error was computed from a time series
of measured near-surface data between dates ¢ and ¢t + T,
where T is the integration time period.

The general approach adopted in this paper was to calibrate
the ISBA parameters for soil water transfer using the 1990 data
set. In 1989, soil moisture data were available for a longer
period of time than in 1990, and the retrieval process was
performed using the 1989 data set.

3.1. ISBA Surface Scheme

The ISBA land surface scheme was developed by Météo-
France and described by Noilhan and Planton [1989]. The
relevance of the scheme has been shown with regard to vege-
tated and bare surfaces [Mahfouf and Noilhan, 1991; Noilhan
and Mahfouf, 1996; Calvet et al., 1998]. It is based on the
equations of the force-restore method, initially applied by
Bhumralkar [1975] to compute ground surface temperature in
an atmospheric general circulation model. Deardorff [1977,
1978] developed a similar parameterization to compute the
ground surface moisture content of bare soils and vegetated
surfaces. The ISBA scheme, used in this study, is a simple
model with few input parameters which can easily be coupled
with remotely sensed data of surface variables for assimilation
and retrieval processes. The ISBA model predicts the time
variations of five main variables: surface temperature 7', volu-
metric water content w (m®> m™7) at the soil surface, mean
soil temperature T,, the mean volumetric water content w,
(m®> m~?) in the root zone, and the water content of an inter-
ception reservoir W,. In this study, surface soil moisture w is
the volumetric moisture content of the surface soil layer (0-5
cm). This layer thickness is commonly used with ISBA. More-
over, it corresponds well with the sampling depth of low-
frequency microwave RS measurements.

The ISBA model was driven by measurements of the follow-
ing atmospheric forcing variables on a 30-min basis: incoming
radiation, rainfall, atmospheric pressure, air temperature, air
humidity, and wind speed at a reference level. Two vegetation
characteristics, LAI and crop height H., obtained from
ground measurements, were ascribed on a daily basis. The five
main variables, T, T,, w5, w, and W,, were initialized at the
beginning of the simulation period. Since a detailed descrip-
tion of the ISBA scheme can be found in several studies [No-
ilhan and Planton, 1989; Noilhan and Mahfouf, 1996], only a
brief description of the water transfer is given in this section.

3

using dry bulk density p, ~ 1.2-1.5

The simple water budget for w, and w, derived from the
force-restore method can be written as

dweldt = C/(p,di)(Pg — Eg) — Cof11 (Wg — w»)
0=wg=wsr (1)

dwy/dt = 1/(p,dy) (P — Eg — Eqg)

= Cy/rymax [0, Wy — wp)] 0 =w, = wgur.

2

The first term on the right of (1) represents the influence of
surface atmospheric fluxes (outputs due to soil evaporation E
and inputs due to rainfall and irrigation P. The second term
in (1) characterizes the diffusivity of water in the soil which
tends to restore surface soil moisture w; to the bulk value w,,
and 7, is a restore constant of 1 day. The dimensionless coef-
ficients C, and C, are highly dependent on soil moisture (w
and w,) and soil texture. They can be calibrated from mea-
surements or estimated using parameterizations derived from
numerical experiments [Noilhan and Planton, 1989]. The water
budget for the mean volumetric water content w, in (2) is
similar to that in (1), and it is computed as a function of P,
E, transpiration rate E,,, and gravitational drainage, pa-
rametrized by the dimensionless coefficient C5. The value we
used for C, was obtained by Mahfouf and Noilhan [1991]
(hereafter referred to as MN91) from model calibration at the
same test site (C,/d, = 300). As in MNO91 the values of the
two other soil parameters C, and C; in (1) and (2) were
obtained from the ISBA subroutines as a function of the soil
type (the soil of the Avignon test site is a silty clay loam). The
soil water reservoir R, (mm) can be directly related to the
mean soil moisture w, (m®> m—>) and to root depth d, (m):

R, = 1000 (w, ds). 3)

Equation (1) relates the time variations of surface soil mois-
ture wg to the variables of interest (E; and w,). Conse-
quently, if good estimates of P, can be obtained from the
ground meteorological network, periodic observations of w;
will provide information on soil evaporation E; and on root
zone water content w,. In this study, the retrieval process of
w, from temporal information on w; is based on this assump-
tion.

Water vapor flux E is the sum of soil evaporation E ; and of
vegetation evaporation E,,, which are given by

EG = [(1 - Veg)pa/Ra][huqsat(TS) - qa] (4)
EV = (Veg pahv/Ra)[qsat(TS) - qa]’ (5)

where veg is the fraction of vegetation cover, p, and g, are the
air density and specific humidity at atmospheric level z,,,
q.(Ts) is the saturated specific humidity at temperature T,
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R, is the aerodynamic resistance, and 4, is the relative humid-
ity at the ground surface. Coefficient 4, can be written as a
function of aerodynamic resistance R, surface resistance R,
and the fraction of foliage covered by intercepted water 6:

h,=(1-38R,/(R,+ Rs) + 8. (6)
Surface resistance R is given by
Ry = (Ruwi/LADF, F;' F3' Fy, @)

where functions F, F,, F5, and F, parametrize the effects of
photosynthetically active radiation, water availability in the
root zone, vapor pressure deficit of the air, and temperature
dependence of stomatal resistance. The expressions for these
functions can be found in several papers [Noilhan and Planton,
1989, 1996]; therefore they are not detailed in this section.
However, it is important to describe function F, since it pa-
rametrizes water availability for transpiration in the root zone.
Function F, is directly related to the mean soil moisture w, as
follows:

Fy= Wy = wywinr)/Wpe = Wwir) WwiLT = W2 = Wgc

F,=1 Wy > Wee 8)

F2 =0 Wy < WwILT-
In (4), relative humidity #,, is related to surface soil moisture
w as follows:

h,=0.5[1 — cos (mwg/wee)] We < Wre

©)
h, =1

We = Wpe.

Equations (4)—(9) are given in this section to illustrate the link
between soil evaporation E; and vegetation evaporation E
fluxes and soil moisture content at depth w, and at the soil
surface w. In particular, it can be seen that the two soil
parameters Wy and w - are used to normalize soil mois-
ture contents w and w, in the parameterizations of the water
fluxes set out in (8) and (9).

Previous results with ISBA showed that simulations of near-
surface soil moisture w; overestimated the data measured in
1990. This discrepancy could be partly related to the fact that
ISBA does not account for the vertical gradients of soil char-
acteristics, in terms of soil texture, structure, and density. For
instance, a single effective value for wilting point is used for the
whole soil layer from the surface to soil depth d,, whereas
ground measurements indicate that there is a rather strong
vertical gradient for this soil parameter (see Table 1). There-
fore, to compare measured and simulated near-surface soil
hydrological characteristics using ISBA, it was necessary to
normalize observations and simulations of surface soil mois-
ture [Douville, 1998]. The “model” and “observation” normal-
ized soil moisture values (W™ and W, respectively) are given
by

WM = (Wg - WAV/\[/ILT)/(Wyc - WAV{/ILT)

(10a)

(10b)

weo = (Wg - Wg/lLT)/(W['O‘C - W\OVILT),

where the superscripts M and O denote model and observation
data. In (10a) the model parameters wh. and wi;, + (ISBA
effective parameters in the 0—1.3-m soil layer) are used to
normalize the modeled surface soil moisture (w2?); in (10b)
the observation parameters w@. and w;; + (measured in the
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0-5-cm soil layer) are used to normalize the observed near-
surface soil moisture (w$).

By combining (10a) and (10b) the agreement between mod-
eled and observed normalized soil moisture at the soil surface
(W™ = W®) can be written as

o _ M M 0
weg =Avwg — wwir) + Wyt

5

(11a)
(11b)

Ay = (WI?C - Wg/ILT)/(WgIC - W%LT)-

In the following the simulations of near-surface soil moisture
w are calibrated using the linear equation (11a). The com-
puting of the four soil parameters wi, Wi w2, and
w i r used in (11a) is described in section 3.2.

3.2. Model Calibration

3.2.1. Soil parameters. The calibration of the ISBA input
parameters was based on the 1990 data set. The parameters,
which were kept constant during the whole vegetation cycle,
are provided in Table 2. Most of the soil input parameters
presented in Table 2 are site-dependent. They were obtained
from measurements or set at a common value representing the
Avignon experimental site.

Table 1 shows a rather low vertical gradient for field capac-
ity. Thus parameters wh.. and w&. were set equal at a value
commonly obtained from field observations (0.31 m* m—3).
Conversely, it was difficult to ascribe a value to wiyy + and
wmnr since the value of the wilting point is crop-dependent,
and there is a significant vertical gradient for this parameter
(Table 1 shows a range of w1 values of 0.12-0.21 m®> m
over the 0—80-cm soil layer). The values of w4, + and wQ ;¢
were obtained for a soil water potential ¢y = —1.5 MPa from
Table 1: w,; + was set equal to near-surface soil water content
(Wt = 0.13 m®> m™?), while wit,; + was set equal to soil
water content at depth (0.18 m* m™?).

To verify that the values of field capacity and wilting point
selected for the surface and the model were realistic (W% =
0.31, wh. = 0.31, wQr = 0.13, and wi, + = 0.18),
simulations and observations of near-surface soil moisture w
were compared for 1990. The comparison is presented in Fig-
ure 1. The rms error C ¢ and the bias B ¢ between the measured
and simulated values of w; were computed using all the sur-
face data available, on a 1- or 2-day basis, during the period
DOY 209-258 in 1990. Both values of C¢ and B obtained in
1990 (Cg = 0.033 m®> m™? and Bg = 0.011 m®> m™7) were
low in comparison to the range of variations in w and showed
that the simulations of w were in good agreement with the
observations.

3.2.2. Vegetation parameters. Most of the parameters
describing the soybean canopy have been calibrated by Mahf-
ouf and Noilhan [1996] to simulate the surface fluxes over
soybean crops during the Hydrologic Atmospheric Pilot Ex-
periment (HAPEX)-Mobilhy large-scale experiment in south-
western France. The only vegetation parameter which was
calibrated from the Avignon data set was the minimum stoma-
tal conductance rg,,;,, to account for possible agronomic dif-
ferences between the soybean cultivars. The ability of the crop
to use soil water at depth depends on the canopy type and
cultivar, the cultural practices, the sowing date, etc., which
significantly influence the development of the root system. The
calibration of rg.,,;, was performed using the 1990 data set. As
by Calvet et al. [1998], the calibration of rg,,;, was obtained by
minimizing the cost function C ., which represents the error in
the description of the energy and mass fluxes at the surface-
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Table 2. Interactions Between Soil-Biosphere-Atmosphere (ISBA) Soil and Vegetation Parameters for Soybean (1989 and
1990)
Definition Symbol and Value Source
Soil
Texture measured
Sand fraction, % 11
Clay fraction, % 27
Soil depth, m d, =13 measured
Wilting point, m®> m > wibnr = 0.18 ascribed
Field capacity, m®> m 3 wh. = 0.31 ascribed
Water transfer coefficient C,/d, = 300 MNO91*
Vegetation
Vegetation coverage veg = 045 LAL if LAl = 1 MN96T
veg = 0.15 LAI + 0.3, if LAI > 1
Albedo A = 0.22 MN96
Thermal emissivity g, = 1 MN96
Minimum stomatal resistance Fsmin = 206.0 s m™! calibrated from 1990 data
Roughness length, m zy = 0.13 H, MN96
Roughness length ratio ZolZon 10 MNO96
Displacement height, m d = 0.7 H, MN96

*Mahfouf and Noilhan [1991]
FtMahfouf and Noilhan [1996]

atmosphere interface (this term will be referred to as global
flux error):

Cr={(1/N)[Z(R{ -~ R))* + 2(H® — H")*
+ (LY - L)1 (12)

where N is the number of values used to compute the hourly
fluxes R,,, H, and L, during the entire crop cycle. C, was
minimized in this study based on the Simplex algorithm
(eO4ccf.f Fortran subroutine of the Numerical Algorithms
Group (NAG) library [NAG, 1990]).

The value of rg,;, (206.0 s m™') obtained at the Avignon
test site was slightly higher than the value (7, = 150 sm™1)
obtained by Mahfouf and Noilhan [1996] in HAPEX-Mobilhy.
This difference may reveal a different behavior in water flux

control of the crop between the two test sites. Using the cali-
brated value of r,,;,, the global flux error C . was 37.0 W m 2.
The rms error and the mean bias between the simulated and
measured values of the main components of the water and
energy balance (net radiation R,,, sensible heat flux H, evapo-
transpiration Lz, and ground heat flux G¢ are provided in
Table 3. The bias, computed over a 2-month period (DOY
209-258), was small for all components R,,, H, L, and G.
The rms error was relatively similar for the different compo-
nents and varied from ~30 to 40 W m~ 2. These results were
rather encouraging, if we consider the fact that the constant
values of the soil and vegetation parameters in Table 2 were
used to calibrate ISBA over a 2-month period including vege-
tation development and senescence.

0.5 T T T T T

0451

1N
~
T

0.351

NEAR-SURFACE SOIL MOISTURE (M3/M3)
F o
w
T

T T T T T T
SOYBEAN-1990
\ MEAS. (0), MODEL. (—)

0.25[ € N
D
O
0.2f o -
O
O 0
0.15} -
O
01 1 1 1 1 I 1 1 1 1 1 1
' 210 215 220 225 230 235 240 245 250 255 260
DAY of YEAR

Figure 1.

Comparison between measurements and simulations of near-surface soil moisture w; in 1990.
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Table 3. Comparison Between Measured and Simulated Flux Densities in Terms of Root-Mean-Square Error and Bias

Fluxes, W m~?

Net Radiation R,,

Sensible Heat Flux H

Evapotranspiration L . Ground Heat Flux G,

Soybean 1990

Root-mean-square error 40.6 29.6 39.9 39.8

Bias -15 5.0 —10.85 4.4
Soybean 1989

Root-mean-square error 355 32.65 42.6 29.3

Bias 7.4 15.2 =171 6.4

3.3.

To summarize section 3.2, most of the model parameters
were obtained from measurements or from previous calibra-
tion during the HAPEX-Mobilhy experiment. The values as-
cribed to soil parameters w%., wi., wil,  were partially
validated by comparing simulations and measurements of sur-
face soil moisture using the 1990 data set. The minimum can-
opy surface resistance rg,,;, was calibrated using the 1990 flux
data.

After this step of model calibration based on the literature
[Mahfouf and Noilhan, 1991, 1996] and the 1990 data set,
values for soil reservoir R, (mm), as defined in (3), were
retrieved from the time variations of surface soil moisture
using the 1989 data set. R, was obtained by minimizing the rms
error Cg between the daily measured and simulated surface
soil moisture. The value of R, (¢) at date ¢t was retrieved by
minimizing the cost function Cg, computed from a time series
of observed w; data comprised between dates t and ¢ + T,
where T is the integration period of time.

The Cg error was minimized in the same way as for model
calibration in section 3.2. To study the sensitivity of the data
retrieval process to the time frequency of the surface observa-
tions, C g was computed using values of w; every N days (N
(day ') is the time frequency of the surface measurements:
Ny = 1 day™! corresponds to the use of daily surface data,
Ni = 2 day ! corresponds to 1 out of 2 days, etc.). To
illustrate the inversion approach, Figure 2 shows the algorithm
for the case of N, = 3 day ™. In the following the accuracy of
retrieval of R, data was computed as a function of the two
parameters 7, and Ny.

Inversion Method

date t datet+ Ty

s

e Day of Year
Nr= 3 days™
t t s T t ?

dates between [ t, t+T,] used in the
retrieval process of Rz(date=t)

Retrieval Process of Raft)

Rz(t)

Figure 2. Retrieval algorithm for the case N = 3 day .

4. Results and Discussion
4.1.

To check that the surface variables were estimated correctly,
the ISBA simulations were tested against the data measured in
1989 and 1990. Since the calibration of ISBA, described in
section 3.2, was based on the 1990 data set, it was important to
verify that this calibration was also valid for 1989.

First, the simulated and measured fluxes (R,,, H, L, and
G ) were compared in 1989. The results of the comparison are
summarized in Table 3, in terms of rms error and bias between
measured and simulated values. As in 1990 the rms error in
1989 was relatively similar for the different components (R,,,
H, L, and G) and varied from ~30 to 43 W m 2. The values
of the bias were slightly higher in 1989 than in 1990. In par-
ticular, the model overestimated sensible heat flux H and un-
derestimated evapotranspiration flux L .. These errors affect-
ing the simulations of H and L, were also obtained in 1990,
although they were smaller. When the minimal stomatal resis-
tance rg,,;, was computed by minimizing the cost function C,
given by (12), the obtained values were 7g;, = 211.4 s m ™!
and C,. = 35.3 W m ™2 for 1989. These values were very close
to those obtained in 1990. Therefore, in terms of flux density it
seems that the calibration of ISBA performed in 1990 is also
valid for 1989.

Second, the field hydrological characteristics were analyzed.
Simulations of near-surface soil moisture w; and soil reservoir
R, were compared with the data measured in 1990 (Figures 1
and 3) and in 1989 (Figures 4a and 4b). The rms error and
mean bias between measured and simulated values of w and
R, are given in Table 4 for 1989 and 1990. In section 3.1 we
observed that there was good agreement between observed
and simulated soil moisture values for 1990. Using the same
model calibration, Figure 4a illustrates that the time variations
of w were also effectively reproduced in the 1989 data set.

Using a measured data point to initialize soil reservoir R,
(R, = 403.0 mm on DOY 209 in 1990; R, = 391.3 mm on
DOY 200 in 1989), the time variations of R, were correctly
simulated in 1990 and 1989. However, we observed a slight
overestimation of soil reservoir at the end of the crop cycle
both in 1990 and in 1989. This discrepancy may be related to
the underestimation of soil evaporation fluxes. The overesti-
mation of w; during a cloudy period at the end of the crop
cycle in 1990 (DOY 255-258) was in agreement with this hy-
pothesis: simulated soil moisture w; increased as a result of
very low simulated evaporation fluxes which could not com-
pensate for upward water transfer from the soil reservoir to the
surface. A second discrepancy was noted: simulated water con-
tent R, immediately following rainfall or irrigation was slightly

Simulation Results
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Figure 3. Comparison between measurements and simulations of soil water content in the root zone R,
(mm) in 1990. The vertical bars represent the hourly rate of rainfall and irrigation (amount of water (mm) per

hour).

lower than the observed values (Figures 3 and 4b). This dis-
crepancy may be related to an overestimation of rainfall inter-
ception and/or deep water drainage. Except for these discrep-
ancies, simulated soil moisture content at depth and at the
surface was in good agreement with the experimental data both
in 1989 and in 1990.

4.2. Retrieval of the Soil Reservoir

In contrast to section 4.1, in this section, soil reservoir R,
was not initialized at the beginning of the crop cycle. By data
assimilation in ISBA, soil reservoir at date ¢ was retrieved daily
from ground surface measurements of near-surface soil mois-
ture w; from date ¢ to date + + T, (see section 3.3). This
process was performed using the 1989 data set, while the 1990
data set was used to calibrate ISBA at the Avignon test site.

The data retrieval process was conducted for nine combina-
tions of parameters 7, and N: three values of the integration
period (7, = 10, 15, or 20 days) were combined with three
values of the measurement frequency (N = 1, 2, or 3 day ).
The results are illustrated in Figure 5 for the four cases T, =
20 days and N = 1 day ' (Figure 5a), N = 2 day ' (Figure
5b), and N, = 3 day ' (Figure 5¢) and T, = 10 days and
Ny = 1 day ' (Figure 5d). Figure 5a shows that with 7, = 20
days and N = 1 day ' the retrieval process produced good
estimates of the time variations in soil reservoir R, over the
60-day retrieval period. When the time frequency of the sur-
face data included in the retrieval process was decreased to
Ny = 3 day ', the retrieved values of R, were still good in
terms of rms error and bias, but the time variations were
slightly irregular (Figure 5c). Moreover, the results appeared
to be significantly better using 7, = 20 days rather than 7, =
10 days (Figures 5a and 5d, for N = 1 day ).

The results of the whole data retrieval process are given in
Table 5 and Figures 6a and 6b. Table 5 lists the rms error and
the mean bias between measured and retrieved soil water res-
ervoir R, as a function of the time period 7, (day) and the
measurement frequency N (day '). In Figure 6a the rms

error is displayed as a function of the integration period 7', for
the three values of temporal frequency Ny (N = 1, 2, or 3
day™!). The rms error decreased steadily when the integration
period increased. It appears that rms error did not change
significantly when 7', was increased beyond 20-30 days. How-
ever, beyond this range of variations for 7, the accuracy of
retrieval is limited by the model accuracy in the simulations of
hydrological characteristics. The rms error is sensitive to the
value of Ng. In terms of retrieval error, a higher temporal
frequency N, partially compensates for a shorter period of
integration. However, for a given number of surface measure-
ments N, it seems preferable to use a long integration period
rather than a high temporal frequency. For instance, for the
given value N ., = 10 a rms error of 25.2 mm was obtained for
the retrieval configuration (7, = 10 days and N, = 1 day %
see Figure 5d), while the rms error was significantly lower (17.6
mm) for 7, = 20 days and N; = 2 day ' (Figure 5b).

The mean bias in the estimate of R, is presented in Figure
6b. The bias was small for the nine cases tested in this study
(the maximum value of the bias, obtained for case 7, = 10
days and N, = 2 day ', did not exceed 13.1 mm). The bias
was found to be sensitive to the integration period 7', and it
decreased as T, increased in an approximately linear fashion.
In contrast to the results obtained for the rms error, the sen-
sitivity of the bias to N was relatively small. Increasing N
produced rather irregular daily variations in the retrieved R,
value. However, when the retrievals were averaged over a short
time period, a low bias was obtained for the estimates of R, for
Ng =2 or N = 3 day .

5. Conclusion

Accurate measurements of soil moisture are needed for de-
termining water exchange between the surface and the atmo-
sphere, i.e., energy and water budgets and crop modeling.
Passive microwave systems are very useful for characterizing
soil moisture, which is highly variable, both spatially and tem-
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Figure 4. Comparison between measurements and simulations of (a) surface soil moisture w and (b) soil
water content in the root zone R, (mm) in 1989. The vertical bars represent the hourly rate of rainfall and

irrigation (amount of water (mm) per hour).

porally. However, the remote sensing (RS) estimates of soil
moisture are limited to the soil surface (0-5 cm). Coupling the
RS estimates of surface soil moisture with a SVAT model
allows for the integration of surface estimates to accurately
predict root zone soil moisture R,.

On the basis of two data sets obtained with soybean crops (in
1989 and 1990) and using the ISBA model, this study investi-
gated the requirements for using the remote sensing estimates
of surface soil moisture to retrieve R,. First, the simulations of
ISBA were tested against the measured data in 1989 and 1990.

Table 4. Results of Direct Simulations: Comparison Between Measured and Simulated Surface Soil Moisture w and Soil

Water Reservoir R, in 1989 and 1990

Total Soil Water Content (0-1.3 m) R,,

Near-Surface Soil Moisture (0-5 cm) wg, m®> m > mm

Root-Mean-Square

Root-Mean-Square Error Bias Error Bias
Soybean 1989 0.038 0.017 4.9 -13
Soybean 1990 0.033 0.011 52 1.6
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Results showed good agreement between measured and sim-
ulated fluxes and soil moisture values, both at the surface and
at depth.

Then, the requirements for the use of surface soil moisture
estimates in the retrieval process of R, data were investigated.
The sensitivity of the retrieval process was measured for (1)
time frequency and (2) integration period. The rms error in
retrieved data decreased steadily when the integration period

T, was increased from 10 to 20 days but not after 30 days. For
values of 7, >20-30 days the accuracy of retrieval was prob-
ably limited by the model accuracy in simulating hydrological
characteristics. The retrieval process was less sensitive to the
time frequency N, than to the integration period (in particu-
lar, the bias was not very sensitive to N ). Therefore, although
a higher time frequency Ny can partially compensate for a
shorter period of integration, for a given number of surface

Table 5. Results of Retrievals: Root-Mean-Square Error and Mean Bias Between Measured and Retrieved Soil Water
Reservoir R, in 1989

Time Period* Measurement Frequency Measurement Number Root-Mean-Square Error on Mean Bias on

Tlr day NR! day71 Nmes R2> mm R2a mm
10 1 10 25.2 10.4
9 2 5 29.4 13.1
10 3 4 30.7 13.0
15 1 15 19.1 5.0
15 2 8 20.3 5.6
13 3 5 25.0 79
20 1 20 15.6 0.7
19 2 10 17.6 2.1
19 3 7 20.9 3.0

*T, =

NR (chs - 1) + 1
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measurements N ., it is preferable to use a long integration
period (i.e., 20 or 30 days). Furthermore, the value N, = 2 or
3 days™! was sufficient to provide good retrieval results.

In contrast to the study of Calvet et al. [1998] based on a
short time period, in the present study it was necessary to
normalize the simulations of surface soil moisture from the
values of the soil parameters (wilting point w; + and field
capacity Wy.). This normalization was found to be necessary
to account for the vertical gradients of soil hydrological char-
acteristics. The efficiency of the assimilation method was eval-
uated in this study. All the input parameters of ISBA used in
the data retrieval process of the 1989 and 1990 data sets (Table

2) were obtained from ground measurements or from the lit-
erature. The only parameter which was calibrated was obtained
from the 1990 data set, while the data assimilation process was
based on the 1989 data set. This is a very positive result since
it appears that once it has been calibrated for specific soil and
vegetation characteristics, ISBA can be used for the data as-
similation process, regardless of atmospheric forcing.
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