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Differential Bare Field Drainage Properties
From Airborne Microwave Observations
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Time variations of the surface soil moisture can be monitored using active microwave remote sensing.
With the existence of airborne systems, it is now possible to estimate this variable on a regional scale.
Data from a helicopter-borne scatterometer show that the surface water content reductions during a
9-day period are quite different from one field to another. A simple model describing the water budget of
the soil surface layer due to evaporation and drainage is applied. From this model, a pseudodiffusivity
can be calculated for each field using only the remotely sensed data. This new parameter gives a
quantitative estimate of the observed drying heterogeneities.

1. INTRODUCTION

It is now common to characterize a soil by its physical
hydraulic properties, in particular, as functions of water pres-
sure head h and hydraulic conductivity K. These functions can
be obtained in the laboratory or, with some difficulties, in the
field. The usefulness of this characterization for vertical water
movement simulation in the soil is widely accepted [Philip,
1975]. Its methodological drawback is that it is only appli-
cable to local studies. This is due to the important spatial
variability of the h and K functions, which prevents the exten-
sion of a one-point measurement to the entire field [ Nielsen et
al., 1973; Vauclin et al., 1983]. For many reasons (water shed
and atmospheric models, irrigation, drainage, etc.), even a
rough mapping of the hydraulic behavior of the soil layer
directly in contact with the atmosphere (precipitation and
evaporation) may be useful. This goal is not reasonably acces-
sible to in situ investigations. Other means must be found.
Among possible candidates is active microwave remote sens-
ing. The capability of this technique to give an estimate of the
soil surface mean moisture has been fully demonstrated exper-
imentally [Ulaby and Batlivala, 1976; Bradley and Ulaby,
1981; Jackson et al., 1981; Bernard et al., 1982] as well as
theoretically [Ulaby et al., 1983; Mo et al., 1984].

With the development of airborne systems, it is now possi-
ble to map regional water content and its variations on short
and long time scales over bare or vegetated soils. Recently it
has been shown that the variation in time of bare soil surface
moisture is correctly described by the Richards equation [ Ber-
nard et al., 1981]. But to solve the inverse problem (estimate a
water budget from remote sensing data), it is necessary to
know with good precision the hydraulic characteristics of the
soil studied [Prévot et al.,, 1984]. For this reason, the Richards
equation is not applicable to large-scale mapping in the pres-
ent state of the art. Nevertheless, these works have shown the
physical relation that exists between the radar signal and ver-
tical water movement in the first meter of the soil. Therefore it
may be possible to find a simple model applicable to mapping
that describes in a realistic way the mean exchanges between a
surface layer and the atmosphere (evaporation) and the un-
derlying soil (drainage). Such a model must be as physical as
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possible but be able to account for a certain amount of spatial
heterogeneities in the soil properties. Built from an airborne
experiment using the ERASME (etude radar des sols et de la
mer) scatterometer [Bernard and Vidal-Madjar, 1983], the
methodology proposed in this paper allows comparison of
neighboring fields in terms of water diffusion from a surface
layer.

In the first part of this presentation, the site and the experi-
ment are described. In the next section, it is shown using
ground data how ERASME measures the soil surface mean
water content and what differences are observed between
fields. The third part gives a description of the water budget
model and its application to the experiment.

2. DESCRIPTION OF THE EXPERIMENT

2.1. Test Site and Ground Measurements

Data used here are from an experiment held in a flat agri-
cultural area (La Beauce) southwest of Paris. This area is
characterized by large fields of wheat and corn. The surveyed
region is a 6 x 6 km? area. In June, July, and September 1983
the helicopter-borne scatterometer was flown around noon
local time almost every day. The aim was to map the surface
soil moisture in order to study its spatial properties and time
evolution under various conditions of climate, wetness, and
vegetation canopies.

The data discussed here were obtained between September
20 and 29, 1983, which corresponds to a period of clear days
without rain. The last rainfall occurred on September 19 (3.5
mm). The field area is presented in Figure 1. It consists mainly
of bare soil, previously wheat covered, with some corn fields.
On field 3, measurements of water content profiles were imple-
mented to a depth of 65 cm until September 16 using neutron
probe and tensiometer instruments. Net radiation, air temper-
ature, and wind speed at 2 m were also available. Table 1
gives for each day the daily net radiation expressed in millime-
ters of water, the air temperature, and the wind speed at noon
local time. The net radiation did not vary much, and the wind
speed was low for the whole period. :

The composition of soil samples from 0- to 10-cm depth of
fields 3 and 4 was analyzed. Composition is uniformly 14%
sand and 8.5% clay, corresponding to a silt loam. If the Sch-
mugge [1980] formula is used, the soil field capacity equals
0.235 g/g. The soil density is 1.38 g/cm?3.
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2.2. The Scatterometer ERASME

The scatterometer ERASME is an airborne frequency-
modulated continuous wave radar that can be used on board
a small helicopter. Its configuration was that considered opti-
mal for a soil moisture mission (5.3 GHz, horizontal polariza-
tion, and 11° incidence angle). This instrument is fully de-
scribed elsewhere [ Bernard and Vidal-Madjar, 1983].

The area observed on the ground by the instrument is about
40 m>. The signal is integrated for 200 ms, which is equivalent
to a point every 6 m at a speed of 30 m/s. On the bottom of
Figure 1 is plotted an example of the radar response over the
test fields. The fluctuation of the signal is due to variations of

TABLE 1. Meteorological Data Measured on Field 3

September

20 21 22 23 24 25 26 27 28 29

R, (daily),
mm of water

32 146 242 297 2.5 2.87 243 245

T,.°C 12 15 15 19 24 19 19 22 25 24
(2m; 1200 LT) )

v,, m/s 27 45 15 43 08 30 1.3 44 07 26
(2 m; 1200 LT)

Time (s)

An example of the ERASME flights and data. The map represents the test site. The considered fields are
labeled 1-9. The corresponding radar signal is plotted. The roads are clearly visible. The signal from thé corn fields is more
intense than the bare soil response. On this curve, the spatial heterogeneities of the radar signal can be appreciated.

soil surface properties such as water content and not to the
fading, which was eliminated by using the time integration
method.

A Barnes PRT 5 infrared radiometer is mounted together
with the scatterometet. It gives the blackbody equivalent tem-
perature of the observed surface simultaneously with the radar
signal.

3. RESULTS

3.1. Scatterometer Calibration for Soil Moisture

Soil samples from 0- to 10-cm depth have been taken in
fields 2, 3, 4, 7, and 8 and in the corn field between parcels 3
and 4 (Figure 1). For the entire campaign, 29 comparison
points have been obtained after exclusion of the cases where
the helicopter did not fly over the ground plots. The relation-
ship between the radar backscattering for an inclination angle
of 11° + 1° and the measured soil water content was calcu-
lated from these data and is given in Figure 2. When w, water
content in the first 10 cm, is expressed in cm3/cm?3, the regres-
sion gives

w = 0.30 + 0.0160, dB 8))
where g, is the absolute backscattering coefficient average on
the entire area of the fields.

The backscattering coefficient o, is obtained with an error
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Fig. 2. Volumetric water content in the integrated 0- to 10-cm

layer expressed in cm®/cm? as function of the backscatter coefficient
g, The regression line is the algorithm used here to obtain the surface
soil water from the radar data.

of about 0.5 dB [Bernard and Vidal-Madjar, 1983]. The stan-
dard deviation due to variation of the surface properties inside
one field is roughly 1 dB.

The correlation coefficient equals 0.89, and the residual
variance of w is 0.018 cm3/cm?, lower than the variance of the
ground measurements. This shows the linear relation between
do and w is meaningful. This value (0.018 cm3/cm?) is con-
sidered as the mean error made on the evaluation of the abso-
lute surface soil moisture by using the radar response and the
regression line.

3.2. Spatial and Temporal Variations of Soil Moisture

The variations of w and T, the surface temperature mea-
sured with the onboard infrared radiometer, for the nine bare
fields labeled in Figure 1 are plotted in Figure 3. Five flights
were made between September 20 and 29, the end of the ex-
periment.

For the nine fields, the surface soil moisture decreased from
September 20 to 29. The shape of the decrease varies from one
field to another. The drying cycle can be divided into two
stages. The first period is characterized by a decrease of the
water content, the rate being different for each field, ranging
from 0.04 cm?®/cm? per day for field 6 to 0.009 for field 3. The
second stage, which does not begin at the same time for all
parcels, is marked by little change in the radar signal, which
can be interpreted as a level value in the water content de-
crease.

Adjacent fields have roughly the same behavior inasmuch as
fields 1 and 2, fields 3, 7, and 8, and fields 4 and 6 exhibit
similar drying cycles. The water content of field 5 is estimated
lower on the first day than the water content of the other
fields. This fact can be explained by the proximity of the small
area of trees, which may, by their evaporative demand, act as
a drain.

The surface temperature does not appear to be very differ-
ent from one field to another. The general trend is that the
driest fields have the highest temperature. This is certainly
true for the last and driest days, September 26, 28, and 29. But

the temperature differences never exceed 0.5° from the mean
value.

4. INTERPRETATION

The main difference between the fields is that the radar
signal (or equivalently, the moisture obtained using the regres-
sion line (1)) ceased to decrease at a point in time that depends
on the field. Prior to September 23, fields 4 and 6 are the first
to reach a plateau, followed by fields 1, 2, 3, 5, and 9 between
September 23 and 26; in fields 7 and 8 the moisture decreases
slowly until September 28 or 29. It is important to note that if
the absolute value of the surface moisture were affected by a
calibration error not exceeding the residual variance of 0.018
cm3/cm?® (Figure 3) due to instrumental problems (fading re-
duction, error on soil moisture ground truths) or to interac-
tions between electromagnetic waves and surfaces (among
them is roughness effect, which has been attenuated in the
present experiment [Ulaby and Batlivala, 1976]), the relative
variation for one field would certainly be significant.

Our approach is now to eliminate the evaporation flux he-
terogeneities and subsequently to quantify the time variation
differences from one field to another in terms of water ex-
change between the surface layer seen by the radar and the
underlying soil. The methodology is based on a two-layer
model utilizing a diffusivity type of force-restore relationship
used in models describing the interaction between soil and
atmosphere [Deardorff, 1977; Dickinson, 1984]. Although this
model is less realistic than the numerical solution of the Rich-
ards equation, it is as realistic as the reservoir algorithms used
in watershed hydrological models to represent the unsaturated
zone [Holtan et al., 1975; Girard, 1974; Ledoux, 1980].

4.1. Description of the Model

After rainy days from September 16 to 19, the data plotted
in Figure 3 show that the evolution of w can be divided into
two stages. The first is characterized by a decrease in water
content, which is everywhere much larger than the measure-
ment accuracy. The second stage is marked by a slow vari-
ation in time of the mean moisture in which the fluctuations
are far smaller than the error bars. Such behavior can easily
be modeled using the Richards equation. Previous studies
[Bernard et al., 1981; Camillo and Schmugge, 1984] have
shown that the existence of two stages can be attributed to an
increase of resistance to evaporation due to the near-surface
layer dryness or the establishment of equilibrium between
evaporation and capillary water pumping. In any case, the
date and depth at which the level value begins depend heavily
on the hydraulic properties of the surface and on the hydraulic
state of the underlying soil. It is difficult to express the water
budget of the first 10 cm of a real soil by the Richards equa-
tion resolution. This is due to the fact that water pressure
head function h and hydraulic conductivity K must be known,
together with the initial water content profile. If the Richards
equation can be used to control the water budget of the soil
from microwave remote sensing data [Prévot et al, 1984],
such a method cannot be used without any knowledge of the
functions h and K. This approach is not compatible with the
aim of aerospace remote sensing, which is the estimation of
regional surface properties. Hence the interpretation of the
curves obtained from ERASME in terms of the water budget
of the surface layer must be done using a simpler but still
physically coherent model.

In this model the soil is represented as a two-layer system
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Fig. 3. The 0- to 10-cm layer water content (w) and the surface temperature (T,) measured by ERASME remote
sensing equipment during the 9-day period. Each figure corresponds to one of the fields labeled on the map in Figure 1.
Heterogeneities of the soil water variations are clearly visible. The surface temperature does not exhibit the same features.

(Figure 4). The first layer, from the surface to Z, is a layer
within which the mean moisture content w obtained from
ERASME (with the regression line (1)) provides a description
of the hydraulic state (Z may be equal to 10 cm). The second,
beginning at Z, has a mean moisture content V. The variation
of water content of the first layer expressed as water height (Z
0w/dt) is equal to the difference between the incoming and
outgoing fluxes. As no rain occurs during the 9-day period, the
flux at the surface is evaporation E (g/cm?). The flux through

the boundary between the two layers is due to the capillary
forces and to gravity. The gravity effect is, in general, negligi-
ble. Movement due to the capillary forces can be described as
a diffusion process; it is proportional to the moisture gradient
at the interface [ Philip and de Vries, 1957]. The water budget
equation for the surface layer can then be written

ow
ot

E

=—Z+CV —w) @)
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Fig. 4. Representation of the two-layer model used to follow the
water budget of a bare soil surface layer.

C represents pseudodiffusivity, and its unit is T~% It is a
function of Z and of the soil hydraulic state represented by V
and w. Although (2) is very approximate (in particular, it does
not account for the moisture gradient in the layer below the
soil surface if evaporation occurs), the main physical processes
are represented, and it is sufficiently simple to quantitatively
compare the fields’ behavior. Moreover, it is perhaps the most
complicated arrangement that can be constructed given the
data that could be obtained from any space-borne measure-
ment of surface soil moisture.

4.2. Application to the September 1983 Experiment

For each field, labeled i, one can write the expression (2)
, Ef1)

wi() = — — + Gl VD) — win)] 3
where w;/(t) = ow,/dt.

If the experiment duration is sufficiently short as to mini-
mize drainage lost below about 1 m and if the evaporative
demand is limited, then variation of the hydraulic state V] is
small. Hence ¥; can be considered as constant; similarly, C; is
considered as constant at first order (linear approximation of
the Richards equation) during the period. If a field, labeled r,
is taken as a reference, any quantity Q; can be written in the
following form:

Qi=0,+Ag, @
Using (3) for fields r and i, the quantities AQ; are related by

1
Aw{ = —— AE(1) + Aa; — C,Aw, — ACyw, )

Aa; = CAV, + VAC;

With the hypothesis of small variation of ¥, Ag; and C; =
C, + AC; do not depend on time and are, for the considered
period of the year, an expression of field heterogeneities.

The scatterometer ERASME was in operation 5 days be-
tween September 20 and 29, yielding five sets of w; data (for
fields i = 1-9) (Figure 3). Taking one field as a reference, this
leaves eight sets of Aw; values; it is then possible to obtain, by
linear interpolation and finite difference, four sets of (w;, w;)
couples. Therefore 4 x 8 = 32 equations (5) can be written for
the 25 unknowns AE(t), Aa;, C,, and AC;. It AE{®) is estimated
for each day using other information, the 17 remaining un-
knowns can be found by ordinary least squares linear regres-
sion. It will be possible, using the measured water content of
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TABLE 2. Daily Evaporation
September
20 23 26 28
Hour of 1230 1115 1400 1200
Flight,
LT
Field
1 0.9 1.72 0.57 1.32
2 0.9 1.94 0.64 1.3
3 0.9 1.62 0.82 1.22
4 0.67 1.67 0.24 1.17
S 1.00 1.5 0.52 1.22
6 0.78 1.57 0.17 1.0
7 0.72 1.54 0.52 1.33
8 0.7 1.37 0.52 1.34
9 1.02 1.8 0.52 1.3

Daily evaporation is expressed in millimeters of water, Seguin and
Itier [1983]: E; = R, + 0.25(T, — T,) + 0.95.

the first 60 cm of field 3 (see section 2.1), to verify that the
variation of V; due to evaporation during the experiment is
small.

It has been shown experimentally [Jackson et al., 1977;
Seguin et al., 1982a, b] and theoretically [Itier and Riou, 1982;
Seguin and Itier, 1983] that the evaporation above a natural
ground surface can be statistically evaluated by a linear re-
lationship between daily net radiation, daily evaporation, and
the difference between maximum soil surface temperature T,
and the air temperature T, 2 m above the surface; at the same
time,

E;=R,+B(T,-T)+ 4 (6)

where E; is daily evaporation and R,, is daily net radiation,
both expressed in millimeters of water.

Seguin and Itier [1983] show that for a bare soil, B = 0.25
mm °C~! and 4 = 0.95 inm. They have determined the accu-
racy of the estimation to be 20% on a 10-day basis. R, is a
function of surface albedo and temperature, but for same kind
of surface and for relatively small variations of T, its vari-
ations are negligible compared with the term B(T, — T,). Table
2 gives E,(t) for each field and each day calculated using the
Seguin and Itier formula. Due to small heterogeneities on T,
(see section 3.2 and Figure 3), the evaporation spatial vari-
ation appears to be small compared with the other terms (this
will be verified later) and AE; can be taken as zero for all
times. Expression (5) then becomes

Aw; = Aa; — C,Aw; — ACw; 7

Having eliminated the terms AE(t), the set of 32 equations is
solved using field 3 as the reference field (r = 3). Results are
listed in Table 3. The quality of the solutions, and therefore

TABLE 3. Pseudodiffusivity C and Mean Water Content V for
Each Field Using the Simplified Water Budget Model

G Y
Field Aq; AC; day ™! cm?/cm?
1 —0.01 —0.024 0.42 0.27
2 —0.036 —0.130 0.31 0.28
3 0.0 0.0 0.44 0.28
4 0.179 0.855 1.30 0.23
5 0.125 0.620 1.06 0.23
6 0.119 0.649 1.09 022
7 0.0 —0.024 0.42 0.29
8 0.005 0.026 047 0.27
9 0.041 0.232 0.67 0.24
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Fig. 5. Location of the fields in a pseudodiffusivity'mean water con-

tent diagram that may be used in soils classification.

the validity of the model, can be evaluated from the corre-
lation coefficient between the measured and predicted differ-
ential slope Aw;. Its value of 0.76 with 14 degrees of freedom
shows that the regression is significant. At this stage, the hy-
pothesis of the negligible evaporation heterogeneities can be
verified. Two values of C are actually obtained (0.4 and 1.3).
At the beginning of the period, the differential diffusion be-
tween the two groups of fields is then of the order of 0.05
cm?/cm?, which must be compared with the value of the differ-
ential evaporation, which is of the order of 0.003 cm?®/cm? in
one day.

Using the water content of field 3 in the 0- to 60-cm top
layer obtained on September 16 and adding rainfall, V; can be
estimated as 0.28 cm3/cm?3. It is this value that has been used
to obtain V; (i =1, 9) from Ag; and C;. It is also possible to
evaluate the cumulative evaporation over field 3 from Septem-
ber 20 to 29 using an integral form of (2):

29

29
—J E(t) dt = Z(wye — Wyo) + ZC f (v—w)dt (8
2

0 20
where Z = 10 cm.

The cumulative evaporation is found to be equal to 14 mm
of water, which represents an 8% variation of V5. Thus the
hypothesis of V; invariance is confirmed. Furthermore, cumu-
lative evaporation over field 3 calculated using Table 2 is
found to be 12 mm of water, which is in good agreement with
the evaluation based upon (8).

There are significant spatial heterogeneities in the pseudo-
diffusivity C and in the mean water content V. For each field,
notably during the first days, there is evaporation and drain-
age; the mean moisture content of the first layer (w;) remains
everywhere greater than the mean hydraulic state V. The
drainage speed is variable, the pseudodiffusivity ranging from
0.3 (field 2) to 1.3 day ™' (field 4). Finally, an equilibrium be-
tween evaporation and capillary pumping is reached, at which
time the values of w; are smaller than V.

The methodology presented here characterizes each field by
two parameters, C and V. On a (C, V) diagram (Figure 5), one
can note that, except for field 9, the fields are clustered in two
regions. Fields belonging to the same region of the diagram
are also in geographical proximity (Figure 1). This is true also
for a classification using C alone. Figure 5 does not represent
an evaluation of a function C(V); the hydraulic properties of
the fields have no reason to be identical, and usually, the
diffusivity is a growing function of V. The fact that the higher
pseudodiffusivities are associated with the lower values of hy-

draulic state may be explained by the fact that a high value of
C implies a higher rate of drainage and ultimately a drier soil.

5. CONCLUSION

From a 9-day experiment, an airborne active microwave
instrument has been shown to be capable of monitoring a
drying cycle of a bare soil surface layer. Using the mapping
capability of the airborne remote sensing, it has been shown
that the technique can be used to estimate spatial drying he-
terogeneities. Spatial variations were interpreted as being due
to different drainage properties between the surface layer and
the underlying soil. A simple model, dealing with the water
budget of the first 10 cm of a soil and accommodating only
evaporation and capillary flow, has been used to define a
pseudodiffusivity. This parameter is calculated for each field
sampled remotely. The spatial heterogeneity of the drying
cycles can then be evaluated using this pseudodiffusivity. For
example, it can be used to classify soils; in this case the fields
having similar pseudodiffusivities are adjacent. Accordingly,
one can define homogeneous areas relative to the surface
draining capability, expressed by the parameter C;. In these
measurements, C; ranged between 0.3 and 1.3 day 1.

Although the proposed model is physically coherent, further
analyses are needed. Using (8), the water flux at the interface
of the two layers can be calculated. It will be necessary to
verify this approach by comparing the actual amount of
drained water and the calculated one. The pseudodiffusivity is
a function of the soil hydraulic state. The stability of the field
classification based on this parameter must be verified over a
wide range of hydraulic states. Finally, the use of microwave
remote sensing data proposed here may be useful in several
domains, among them a quantitative description of soils for
deriving parameters in atmospheric or watershed hydrologic
models. Measuring drainage capability of the soil surface may
also be directly applicable to problems in agricultural water
management, such as irrigation and drainage or seed germi-
nation.
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