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The Chott El Djerid, Tunisia: Observation and
Discussion of a SAR Phase Signature
Over Evaporitic Soils

Philippe Paillou, Sarah Sufyar, and Anthony Freeman

Abstract—The presence of water in arid regions is correlated
to large evaporitic deposits, with high concentration of salts.
Polarimetric synthetic aperture radar (SAR) observations over
such areas show high variations for both the amplitude and phase
of the backscattered copolarized signal. This is due to a large
dynamic range for both surface roughness and dielectric constant
parameters, between the wet and dry seasons: crystallized salt is
rough and presents a low dielectric constant, whereas saline water
corresponds to smooth and conductive surfaces. We observed a
complete seasonal cycle over the chott El Djerid playa, in southern
Tunisia, using the 5.6-GHz C-band polarimetric SAR on-board
RADARSAT-2. One SAR image acquisition was performed every
24 days, from February to September 2009. In addition to ex-
pected variations in the radar backscattered power, we observed
significant changes in the phase difference between horizontally
and vertically polarized channels. In order to explain such a phase
effect, we first considered the arguments of the Fresnel reflectivity
coefficient when approaching the Brewster angle, for materials
presenting a high loss tangent. A more complete analytical model-
ing derived from the integral equation model approach confirmed
this hypothesis.

Index Terms—Chott, El Djerid, integral equation model (IEM),
phase, playa, polarimetry, synthetic aperture radar (SAR),
Tunisia.

I. INTRODUCTION

ALT accumulation occurs in arid regions where evap-

oration exceeds water supply. The later can be natural
(rainfall, groundwater) or artificial (irrigation). The quality of
agricultural soils can then be degraded by the increase of salt
concentration over surfaces, while natural salt deposits in arid
regions, which are named playas, can be used as surface clues
of groundwater presence. More than 15 years ago, radar remote
sensing was shown to be sensitive to soil salinity, since the
complex dielectric constant of salt plays an important role in
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the radar backscatter [21], [23]. In addition to their dielectric
constant, playas also present a strong variation of their surface
roughness with time, ranging from perfectly smooth when
flooded by water to rough when dry and covered by a salt
crust. Both the dielectric constant and the roughness state of
such surfaces highly impact the amplitude of the backscattered
power in radar remote sensing [24].

Wadge et al. [25] were the first to monitor changes over
evaporitic surfaces using synthetic aperture radar (SAR) images
provided by the ERS-1 satellite. They observed that the radar
backscatter increased during the dry season over the chott El
Djerid playa, in southern Tunisia, as its surface is more and
more covered by halite crystals. They later derived an empirical
relationship between the radar backscatter coefficient and the
surface roughness, in order to estimate the rate of water evapo-
ration [1], [26]. In parallel, several laboratory experiments were
conducted using soil-water—salt mixtures, in order to study the
dependence of the complex dielectric constant with respect to
the water and salt concentrations [14], [20]. It was shown that
the soil moisture affects the real part of the dielectric constant,
whereas the presence of salt dramatically increases the imagi-
nary part of the dielectric constant. A very complete study of the
radar signature of saline deposits was conducted over the Death
Valley, CA, USA, by Lasne et al. [15]. Field measurements of
the dielectric properties of various salt deposits and saline water
were realized over the salt pan of Cottonball Basin, and they
were used as input parameters to model the radar response at
both C- and L-bands. Analytical simulations of the copolarized
amplitude ratio and phase difference were proposed and com-
pared to actual airborne and spaceborne SAR data acquired by
the Airborne Synthetic Aperture Radar (operated by Jet Propul-
sion Laboratory) (AIRSAR) and Spaceborne Imaging Radar C
(onboard Space Shuttle in 1994) (SIR-C) sensors. It was shown
in particular that the phase difference between horizontally and
vertically polarized SAR acquisitions is a promising polarimet-
ric signature to detect and monitor salt deposits.

Using time series of C-band polarimetric acquisitions by the
RADARSAT-2 satellite, we monitored a complete wet-to-dry
cycle of the playa deposit of the chott El Djerid in Tunisia and
observed the temporal evolution of the copolarized phase dif-
ference. While Lasne et al. [15] proposed a complex two-layer
model to explain the observed copolarized phase difference,
we propose here a more simple explanation to the copolarized
phase behavior, which is based on the Fresnel reflectivity co-
efficients when approaching the Brewster angle, for materials
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Fig. 1. ChottElDjerid, central Tunisia, imaged by the RADARSAT-2 SAR, from
February to September 2009. SAR scenes are presented using the Pauli decom-
position color-coding scheme (red=HH—VV; green=HV; blue=HH+VV).

presenting a high loss tangent. A more developed analytical
approach, which is based on the integral equation model (IEM)
proposed by Fung ez al. [9], confirms our hypothesis.

II. CHOTT EL DJERID, TUNISIA

The Chotts Trough region in southern Tunisia is part of
a foreland basin associated with the Atlas fold and thrust
belt [22]. The chott El Djerid is the largest of three modern
terrestrial playas in southern Tunisia. It occupies a synclinal
basin and covers an area of 110 km x 70 km between the
Tozeur and Kebili oasis (see Fig. 1). It is a flat area, with a
mean altitude of 15 m, centered at 33.73° N—&.40° E. The chott
El Djerid forms the northeastern extremity of the Bas Sahara
artesian basin. Aquifers emerge at the surface of the Chotts
Trough region, through a thin clay layer of the Quaternary age
[18], allowing temporary flooding of the playa depressions in
winter. The mean annual rainfall for the area is around 100 mm,
while evaporation has a mean annual value of 1500 mm. The
negative annual balance leads to high evaporation rates and
sedimentation of salts, by evaporation of groundwater.
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Fig. 2. Pictures of the chott El Djerid taken during November 2008.
(Upper left) Road crossing the chott between Tozeur and Kebili, with the
chott being partially inundated. (Upper right) Salt and gypsum (desert roses)
exposed along the road. (Lower left) Salty mud with halite salt crust forming
by evaporation of saline water. (Lower right) Precipitation of halite crystals on
the border of a small saline pond.

The chott El Djerid goes through four main flooding stages
from winter to summer [3]. The first stage is the flooding
of the chott (December—February), when both groundwater
and rainfall fill in the depression, creating a shallow lake and
rapidly dissolving the pre-existing salt pan. The second stage
(May—June) involves evaporative concentration of the shallow
lake, with precipitation of gypsum and halite at its edges. The
third stage (July—September) represents the final evaporation
of ponded water, with formation of large halite salt crust. The
final stage (October—November) involves the total dessication
of the chott and the precipitation of most soluble salts, leaving
a large central saline pan dominated by halite. This process,
together with intensive irrigation in the chott region, leads to
an increasing salinization of the groundwater [11]. Fig. 2 shows
the various surface states and salt deposits observed on the chott
El Djerid during November 2008.

The high temporal dynamics of the chott El Djerid was
monitored using time series of remotely sensed images: op-
tical and near-infrared data provided by the Advanced Very
High Resolution Radiometer sensor [4], [5] allowed to map
the inundation phases related to groundwater infiltration and
rainfall events, while microwave data provided by the ERS-1
SAR [25], [26] allowed to monitor the evaporation and salt pan
formation process. More recently, Frison et al. [8] have studied
the temporal variations of the chott El Djerid over several years,
using various C-band active sensors (Advanced SCATerrometer
(onboard METOP-A satellite), Advanced Synthetic Aperture
Radar (onboard ENVISAT satellite), and RADARSAT-2). We
shall in the following consider time series of full-polarimetric
C-band SAR acquisitions by RADARSAT-2 over the central
part of the chott El Djerid, in order to monitor the temporal
behavior of the copolarized phase difference.

III. OBSERVATION OF A COPOLARIZED
SAR PHASE DIFFERENCE

We dispose of temporal series of RADARSAT-2 full-
polarimetric SAR scenes, which were acquired over the chott
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Fig. 3. Evolution of the copolarized backscattered power (a) U%H and (b) U%V, (c) the HH-VV coherence vy, and (d) the copolarized phase difference

Py, over the chott El Djerid from February to September 2009.

El Djerid from February to September 2009. Ten scenes were
acquired at an interval of 24 days, with the same incidence
angle of 38.5° using the Fine Quad-Pol beam mode (FQ19),
at a resolution of 5.4 m in range and 8.0 m in azimuth, with a
25 km x 25 km coverage [17]. The period of acquisitions, i.e.,
from winter to summer, allowed us to observe the evaporation
process over the chott, where surface evolves from completely
flooded to dry. With regard to the total radar backscattered
power, the signal ranges from very low (—34 dB) for smooth
flooded surfaces to rather high (—11 dB) for dry and rough salt
deposits (see Fig. 1).

We obtained the RADARSAT-2 scenes in a single-look
complex mode, i.e., each pixel contains the 2 x 2 complex
scattering matrix S, which relates the incident wave E* to the
scattered wave E° [16], as follows:

efjk:'r'

B — e 7" 1 ShnShy

r s - T |:Svthv

]Ei opp =47[Spp? (1)

where S, are the complex scattering coefficients, r is the dis-
tance between the radar and the surface, & is the wavenumber,
and the term (e~7*" /r) takes into account the free-space propa-
gation effects in both amplitude and phase. The radar cross sec-
tion oy, is related to the scattering matrix, as indicated in (1).
The PolSARpro software [http://earth.eo.esa.int/polsarpro/]

was used to extract the 3 x 3 polarimetric covariance matrix C's
for each image (no spatial ensemble averaging) [16], as follows:

| Shn |2 V2SS, SinSi,
Cs= | V25u,Sp,  21Swl® v25u,Sk, )
vasﬁh \/§SVVS]>§V |va|2

from which we easily derived the copolarized backscattered
power o{}; and 0¥, the HH-VV coherence yupvy (using a
three-pixel window size for spatial averaging), and the copolar-
ized phase difference Py, as follows:

ot =VCn oy =+/Css
ey = | —C18)
(C11)(C33)

Pynvy = arg(Shn) — arg(Syy) = arg(Cis). 3)

The resulting images are shown in Fig. 3. Regions outside the
chott (northern part of the SAR scenes) present a quite constant
backscattered power, HH-VV coherence, and phase difference,
while the saline surfaces inside the chott depression exhibit a
strong temporal variation. In particular, the copolarized phase
difference shown in Fig. 3(d) shows clear structures, which
allow to discriminate between flooded (dark patches in the
February, March, and April scenes) and dry (bright patches in
the March, April, May, June, and September scenes) surfaces.
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Fig. 4.
coherence yppvy (dots), with respect to time.

For the flooded areas, the radar backscattered power is low,
i.e., close to the noise level of the sensor, leading to a low
HH-VV coherence (see Fig. 3(c), February scene) and then
a random copolarized phase (see Fig. 3(d), February scene).
As soon as the chott surfaces dry out, the HH-VV coherence
quickly increases close to one, indicating that the copolarized
phase difference is not random any more. The polarimetric
parameter ®ppvy then contains coherent information related
to the geophysical properties of the chott surfaces.

In order to study the temporal evolution of ®yyy into
details, we selected six regions of interest, containing around
4000 pixels each: five are located inside the chott depression
and experience various moisture states between completely
flooded and perfectly dry, and one corresponds to bare soils
located outside the chott, acting as a blank sample for non-
saline surfaces. For each region, we computed an averaged
copolarized phase difference. Fig. 4 shows the location of the
six regions of interest, together with the corresponding temporal
evolution of yppvv and ®ypyy from February to September
2009. Region 6, which is located outside the chott depression
in a saline-free area, always presents the same flat Gaussian-
distributed copolarized phase difference [see Fig. 5(a)], with

T T T T T T 0
12 3 45 6 7 8 910
.............. > September

T T T T T T T 0
12 3 45 6 7 8 9 10
February s-e-e--e--o- > September

(Top) Six selected regions of interest and (bottom) variation of the corresponding averaged copolarized phase difference @y (plain line) and HH-VV

a mean value around 0° and a close-to-constant HH-VV co-
herence, between 0.6 and 0.7. This is what is usually ex-
pected for bare soils in radar remote sensing [16], [19]. On
the opposite, regions 1-5, which are located inside the chott
depression, show large variations of both copolarized phase
difference and HH-VV coherence. During the wet season,
from February to April, the flooded areas exhibit a random
copolarized phase difference, distributed between —180° and
+180°, as shown in Fig. 5(b), i.e., very smooth and reflec-
tive liquid surfaces present a specular behavior for the radar,
leading to a backscattered power close to the noise level of
the sensor (the Noise Equivalent Sigma Zero for the FQ19
mode is —36 = 3 dB). This is confirmed by the corresponding
low HH-VV coherence values. When computing an averaged
copolarized phase value over such flooded regions, the obtained
value is close to zero. When regions inside the chott start to
dry, from April to September, the copolarized phase differ-
ence distribution becomes Gaussian, not zero centered, with a
standard deviation around 15°, as shown in Fig. 5(b). As the
copolarized phase difference distribution becomes nonrandom,
the HH-VV coherence also rapidly increases, as shown in
Figs. 3 and 4. Regions 1, 2, and 4, which are progressively



5802

Wet season

-
© 1000

Number of v
5888
o 888 8

-200 -150 =100 ) =50 @ 0 . 50 100 150 200
vy (°)

Dry season

Number of values
o
388888 8
8888888

=200 -150 =100 =50 @ 50 100 150 200

vy ()

Wet season

Number of values
o
s
|

%

aifsaiif

~200 -150 -100 -50 @HH?N © 50 100 150 200

Dry season

e ‘,_m—|_‘>
-150 -100 -50 Iy

H:W )

100

Number of values
AN W A e N @
2 s&88&3883 838
1 S Y I B A

-200 50 100 150 200

Fig. 5. (a) Copolarized phase distribution for the region of interest 6, located
outside the chott depression, in (top) February and (bottom) April. (b) Copo-
larized phase distribution for the region of interest 1, located inside the chott
depression, when (top) flooded in February and (bottom) drying in April.

and continuously drying from February to September, show
an averaged copolarized phase difference that continuously
increases from about 0° to values higher than 20°. Regions 3
and 5 experience alternating flooded and dry phases, with an av-
eraged copolarized phase difference decreasing during flooding
phases and increasing during drying phases. We can conclude
from these observations that the averaged ®yypyvv is low during
humid conditions (chott flooded with saline water) and higher
during dry conditions (formation of the salt crust). This is actu-
ally the opposite variation of what was observed by Lasne et al.
[15] over the Cottonball Basin, Death Valley: they observed a
decrease of the copolarized phase difference at the C-band from
11° in April 1994 (wet season) to 7° in September 1994 (dry
season). We looked back to the SIR-C and AIRSAR data used
and found out that only one big region of interest was consid-
ered in [15] to compute Py : this large region of interest ac-
tually mixed different types of surfaces, from liquid to very dry,
and the average phase difference computed is then not represen-
tative of well-defined humidity conditions. In addition, we ob-
served that the change in surface humidity conditions between
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the two acquisitions of April and September 1994 was not that
obvious, i.e., the two acquisitions do not correspond to extreme
cases, and deriving a trend for the variation of the copolarized
phase difference is then not easy. Future investigations will be
conducted to reanalyze SIR-C and AIRSAR data acquired over
the Cottonball Basin and to study the influence of the radar
wavelength on vy, since we dispose of C-, L-, and P-band
data. Comparing curves in Figs. 4 and 6 shows that the behavior
of the averaged copolarized phase difference is actually similar
to the temporal evolution of the backscattered power at HH
and VV polarizations: the copolarized backscattered power
decreases during humid phases (the flooded surfaces are smooth
and then behave as specular reflectors, with very few signal
backscattered to the radar), while it increases during dry phases
(the salt crust deposits are rough and then produce a more dif-
fuse scattering of the radar wave, increasing the backscattered
component). It can also be noticed in Fig. 6 that the copolarized
backscattered powers for region 6, which is located outside the
chott depression, remains more or less constant.

IV. MODELING OF THE COPOLARIZED PHASE DIFFERENCE

Previous attempts to model the copolarized phase difference
rely on a two-layer scattering model, i.e., the backscattered
radar wave is the sum of a surface and a subsurface component
[12], [13]. Although this model was proposed to explain the
phase difference observed over saline surfaces [6], [7], [15],
the radar penetration depth at C-band radar in saline soils
is very low that all the radar wave—soil material interaction
is likely to occur at the surface only. Laboratory and field
measurements performed for various salt mixtures [14], [15]
show that the typical dielectric constant at 5.5 GHz presents a
real part ranging from 3.2 to 8.5 and an imaginary part ranging
from 3.5 to 12.8. For a wavelength A, the 1/e attenuation
depth ép in a material of dielectric constant € = &’ — je" is
given by [24]

~1/2

/ n\ 2
op= 20 i (2) 2 W
2 e

" 4r

This yields to penetration depths at the C-band smaller than
0.5 cm in saline sediments. This is even worse for saline water:
considering a typical dielectric constant € = 53.2 — 26.1j [15],
the penetration depth at the C-band becomes smaller than
0.25 cm.

We should then consider a pure surface scattering process
to explain the observed copolarized phase difference. A sim-
ple way to start the study of the phase difference between
horizontal and vertical polarizations, when dealing with the
surface reflection of a planar wave, is to consider the complex
Fresnel reflection coefficients. These coefficients are rather
suited to the case of a bistatic radar configuration, but they
can also be considered for the case of the backscattered wave
in a monostatic configuration: as the backscattered radar wave
remains coherent (allowing to perform the synthetic aperture
process, on which SAR is based), we can make the hypothesis
that the phase of the reflected and backscattered waves are at
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least related, if not similar. In addition, the Fresnel coefficients
are used in nearly all analytical models proposed in the SAR
literature (in particular, the IEM that we shall consider later);
hence, starting with the study of their phase behavior makes
sense. When an incident planar wave reaches a medium of
dielectric constant £ with an incidence angle 6, part of it is
transmitted into the medium, and part of it is reflected. The
ratio between the reflected and incident waves is expressed
by the Fresnel reflection coefficients [2], which depend on the
polarization of the incident wave, as follows:

cos0—+/e—sin®0 R _\/8—sin29—50089
cosf++/e—sin% 6 v \/57sin20+scos0.

For a pure real value of the dielectric constant €, the argument
of the Ry, coefficient is +180° whatever the incidence angle 6.
The argument of the R, coefficient is also +180°, for an
incidence angle lower than the Brewster incidence angle 0 =
arctan(y/e), and becomes 0°, for an incidence angle higher
than the Brewster angle. At the Brewster angle, all the incident
wave in vertical polarization is transmitted into the medium (the
module of the reflection coefficient R, becomes zero, and its
argument changes by 180°). When the dielectric constant of
the medium is a complex number, which is the case for saline
materials, the Fresnel reflection coefficients are also complex
numbers, which arguments are not the same when considering
horizontal or vertical polarization.

As a first approximation, we propose to estimate the copolar-
ized phase difference ®ypyvy as

Oypyy = arg(Run) — arg(Ryy). (6)

In the case of a medium with a pure real dielectric constant,
the copolarized phase difference obtained by relationship (6)
will then be equal to 0° for an incidence angle lower than the
Brewster angle. Fig. 7 shows the copolarized phase difference,
computed using (6) for dry salt, of the complex dielectric

Ry = ()
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Fig. 7. Argument of Fresnel reflection coefficients Ryy (cross) and Ry
(circle) with respect to the incidence angle 6 for dry salt (¢ = 3.2 — 3.5j,
0p = 65.3°). The copolarized phase difference ®yiryvy computed using (6)
is represented as a plain line.

constant € = 3.2 — 3.5 at the C-band [15]. The argument
of the Fresnel coefficient in horizontal polarization does not
change much, with respect to the incidence angle, whereas
the argument of the Fresnel reflection coefficient in vertical
polarization is dramatically decreasing when approaching the
Brewster angle (here, 5 = 65.3°): at this angle, most of the
incident wave in the vertical polarization is transmitted into
the medium (the module of the R, coefficient becomes close
to zero, and its argument changes dramatically). The phase
difference ®yppvy as expressed by (6) is then increasing when
the incidence angle 6 increases toward the Brewster angle (see
plain line in Fig. 7). For the incidence angle of 38.5° of our
RADARSAT-2 scenes, we compute a theoretical copolarized
phase difference of 12.1° for dry salt using (6). It should be
noted that, for low incidence angles (6 < 15°), the arguments of
Ryp and Ry, coefficients are very close, yielding a copolarized
phase difference close to 0°.
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This approach, which allows to explain the copolarized phase
difference only by the complex dielectric constant of saline
soils, is quite simple and agrees well with previous observations
made over evaporitic surfaces. A more elaborate modeling ap-
proach can be developed, using the IEM proposed by Fung et al.
[9], [10] as a start point. The backscattered wave by an interface
can be expressed as the sum of two far-zone backscattered
fields: the standard Kirchhoff surface field and the complemen-
tary surface field, i.e.,

s k c
Epp - EPP + EPP (7)

where pp represents the polarization state of the incident and
backscattered waves. Since we are interested in the copolarized
phase only, pp will be either hh or vv. After Fung et al. [9], the
expression of the Kirchhoff field is

Ef =CE, / Fop€!Fs k)T dy = CEo fopli  (8)

and the expression of the complementary field is

c CEO i[w(z—a)+v(y—y' ) F ko7 — k7
ES, = = /Fppej[ (z=a")+o(y—y')+ks o7

x dz dy dx’ dy' du dv

CEy

= WFPPIC (9)

where C' = (—jk/4nr)e 7%, Ey is the amplitude of the inci-
dent electric field, fy,, is the Kirchhoff coefficient, and Fy,j, is
the complementary coefficient. The far-zone backscattered field
can then be written as

Fo I,
Es, =CE, (fpplk + pp) . (10)

82

The fpp and F,, coefficients can be approximated in forms

that only depend on the incidence angle 6 of the incident

wave and on the dielectric constant € of the interface: they

are then complex quantities if the dielectric constant € is a

complex number. Simplified expressions for the Kirchhoff and
complementary field coefficients are given by [10]

2va

= v = 11
Jon cos ! cos 6 (in
sin? 0 1 9
= —2 4Ry — (1 — — (1 + th) (12)
cos €
sin’ @ €cos? 0
=2 1— —— ) (11— 2
v cos 6 K e—sin29) (1= Bw)

(13)

+ <1 - 1) (1+ RW)Z] .

With the backscattered field £, being a complex quantity,
we can use (10) in order to express the copolarized phase
difference ®yyyy as

arg (Ey,) —arg (B3, )

Bl
_ arg(fhhfk+ él;Q )arg <fvvfk+

Oypvy =

FVVIC
R ) (14)

77
When the scattering interface is very rough, the Kirchhoff
field predominates over the complementary field, i.e., E{;p >
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Fig. 8. (a) Argument of Fresnel reflection coefficients for saline water

(e =53—26j, medium gray curves), wet salt (¢=7—11j, light gray curves),
and dry salt (¢ = 3.2 — 3.5j, dark gray curves) with respect to the incidence
angle 6. (b) Modeled copolarized phase difference ®yyyyy for three types of
surfaces, representing different states of the evaporation process for the very
rough (gray curve) and medium rough (black curve) case, incidence angle is
0 = 38.5°.

B¢, leading to fop Iy, > (Fyple/87%). We can then rewrite the

relationship (14) as

Cynvy =~ arg(funle) — arg(fuvlr) = arg(fun) — arg(fov)-
(15)

Considering the expressions for the f,,, coefficients given
by (11), the previous relationship is actually similar to the
simple expression proposed in (6). It means that, for very
rough surfaces (Kirchhoff approximation case), the copolarized
phase difference only depends on the argument of the Fresnel
reflection coefficients.

Let us now consider a “medium rough” case, i.e., the
Kirchhoff and complementary fields are comparable. In that
case, (8) and (9) indicate that f,,,I;, and F},,1./ 872 should be
of the same order. Making the assumption that f,, and F},
coefficients are close, and taking in addition I, ~ (I./872),
allows to simplify relationship (14) into

1. 1.
Pupvy ~ arg | — (fun + Fin) | — arg | — (fov + Fov)
82 872

= aI‘g(fhh +th) _arg(fvv +Fvv)~ (16)
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Fig. 9. Observed (dots) and modeled (line) values of the copolarized phase difference vy for the five regions of interest located inside the chott El Djerid

depression.

Both expressions for the copolarized phase difference given
by (15) and (16) only depend on the incidence angle # and on
the dielectric constant € of the interface. Setting an incidence
angle value 6 = 38.5°, we then considered three types of sur-
faces, whose dielectric constants at the C-band were derived in
[15], and which are representative of the evaporation process
from a smooth liquid surface to a rough dry surface:
—smooth saline water surface with ¢ =53 —26j (0p =
82.6°);

— wet crystallized NaCl medium-rough surface with e =7 —
11j (0 = 74.5°);

—dry crystallized NaCl rough surface with ¢ =3.2 —
3.5] (g = 65.3°).

Fig. 8(a) shows the argument of the Fresnel reflection coeffi-
cients in horizontal and vertical polarizations for the three types
of surfaces. One can notice that, when going from the wettest to
the driest case, the Brewster angle 6 is decreasing from 82.6°
to 65.3°: this is consistent with an increase in the copolarized
phase difference, as described earlier by (6). Fig. 8(b) shows the
evolution of the copolarized phase difference, when going from
the wet to the dry case, which is computed using (15) and (16).
While the simple expression in (15) does not allow to reproduce
a phase difference higher than 12° for dry salt deposits, the
“medium roughness” expression in (16) is able to model the
increase of Pyyyy from 0° to more than 28°, as observed on
the chott El Djerid as the saline water surfaces evaporate.

Using the previous three representative cases (saline water,
wet salt, and dry salt), we then tried to reproduce the observed
temporal variations of the copolarized phase difference for the
five regions of interest located inside the chott depression. A
comparison between observed and computed values of vy
is presented in Fig. 9: we can fairly well reproduce the varia-
tions of ®yyyvy from February to September, i.e., a phase dif-
ference change of about 25° between the wet and dry seasons.

Of course, we would need to consider more intermediate cases,
between the saline water and dry salt extreme cases, in order
to better match the observed values, but the simple approach
proposed here is already able to reproduce the main trends of
the observed phenomena.

V. CONCLUSION

Using time series of RADARSAT-2 polarimetric acquisi-
tions, we monitored the temporal evolution of the copolarized
phase difference over the evaporitic sediments of the chott
El Djerid playa. The phase difference at the C-band increases
from 0° to close to 25°, when the chott depression evolves
from a flooded surface to a dry salt pan. We proposed a
simple explanation for this phenomenon, which is based on the
argument of Fresnel reflection coefficients when dealing with
materials of complex dielectric constant. A more developed
theoretical expression for the copolarized phase difference was
derived using the IEM approach, which allowed to fairly well
reproduce the temporal variations of the phase difference over
the chott depression. Among natural surfaces, only the ones
containing salt are likely to present a complex dielectric con-
stant: a nonzero value for ®ypvy is then likely to provide a
unique and unambiguous polarimetric signature to detect and
monitor saline soils and salt deposits. Our results open new
applications for radar polarimetry to monitor the salinization
process of agricultural soils and to detect locations in arid
environments where groundwater is close to the surface, thus
guiding the prospecting for water resources. Future studies will
concentrate on field work validation of the proposed model
and on the evaluation of the potentials of longer wavelengths
(L-band of the Japanese Advanced Land Observing Satellite2
(operated by Japanese Space Agency) SAR; P-band of the
Biomass mission of the European Space Agency project).
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