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Wind-driven land degradation negatively impacts on
rangeland production and infrastructure in the Valdes Peninsula,
northeastern Patagonia. The Valdes Peninsula has the most
noticeable dunefields of the Patagonian drylands. Wind erosion
has been assessed at different scales in this region, but often with
limited data. In general, terrain features caused by wind activity
are better discriminated by active microwaves than by sensors
operating in the visible and infrared regions of the electromagnetic
spectrum. This paper aims to analyze wind-driven land
degradation processes that control the radar backscatter observed
in different sources of radar imagery. We used subsets derived
from SIR-C, ERS-1 and 2, ENVISAT ASAR, RADARSAT-1,
and ALOS PALSAR data. The visibility of acolian features on
radar images is mostly a function of wavelength, polarization, and
incidence angle. Stabilized sand deposits are clearly observed in
radar images, with defined edges but also signals of ongoing wind
erosion. One of the most conspicuous features corresponds to
old track sand dunes, a mixture of active and inactive barchanoid
ridges and parabolic dunes. This is a clear example of deactivation
of migrating dunes under the influence of vegetation. The
L-band data reveal details of these sand ridges, whereas the
C-band data only allow detecting a few of the larger tracks. The
results of this study enable us to make recommendations about
the utility of some radar sensor configurations for wind-driven
land degradation reconnaissance in mid-latitude regions.
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Wind Erosion in the Valdes Peninsula

AND degradation by wind erosion affects large areas of the world’s

arid and semiarid lands (Lal, 2001). Redistribution of material
by wind occurs at multiple spatial and temporal scales (Gibbens et
al., 1983; Chadwick et al., 1999; Okin et al., 2001; Prospero et al.,
2002). In the Valdes Peninsula, northeastern Patagonia (Argentina),
wind erosion negatively impacts on rangeland production, farm
infrastructure, and ecosystem health (Rostagno 1981; Gagliardini
et al., 1994; Stinico 1996; Blanco et al., 2008). In these flat open
fields, wind erosion is a major problem affecting also the quality of
both air and water points (del Valle et al., 2000).

The Valdes Peninsula has the most noticeable dunefields of the
Patagonian drylands, covering an area of approximately 884 km?
(del Valle et al., 2008). The use of remote sensing provides a synoptic
view at regional level that allows identifying sand mobilization along
discrete transport paths. Sand is blown from the western coast of the
peninsula to the Adantic Ocean in the east (del Valle et al., 2008).

There is evidence that dune activity has been more extensive
and intense in the past throughout the Valdes acolian geomorphic
system. Earlier dune systems, climbing and falling dunes (sand
ramps), discontinuous sand mantles in gravel plains, and sandy
beach ridges are now vegetation-covered (Bouza et al., 2002,
2005). Sand sheets and dunes of different types are stabilized by
psammophytic species such as Sporobolus rigens and Hyalis argen-
tea (Bertiller et al., 1981). These relict aeolian landforms would
have been formed in a periglacial environment (Iriondo and Gar-
cfa, 1993; Trombotto 1998). Dunes currently active seem to have
developed from a series of dune megapatches (colony of dunes)
of different sizes, each of which represents an episode of sediment
input or reworking of existing sand dunes (del Valle et al., 2008).

Wind erosion in the Valdes Peninsula produces strong signals
of environmental changes leading to desertification in the form
of deflating surfaces, dust storms, and migrating sand dunes (del
Valle et al., 2008). Two critical factors that influence the severity
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of wind erosion are the percent of vegetation cover and the type
of terrain surface (Bertiller et al., 1981; Rostagno, 1981; Bouza
et al., 2005). Short-term variation in wind erosion is controlled
by factors such as high interannual rainfall variability, droughts,
localized wildfires, and livestock grazing (Blanco et al., 2008).

Remote Sensing of Wind-Induced Processes

Earlier attempts to identify wind erosion features mostly used
the visible and infrared wave bands (Carter and Houghton, 1981;
Paisley et al., 1991; Chen et al., 1998; Zobeck et al., 2000; Okin
and Gillette, 2001; Collado et al., 2002). Data provided by the
Advanced Spaceborne Thermal Emission and Reflection Radiom-
eter (ASTER) have a significant advantage over previous datasets
because of the combination of high spatial resolution (15-90 m)
and enhanced multispectral capabilities, particularly in the thermal
infrared (TTR) atmospheric window (8—12 pm) of the Earth where
common silicate minerals are more easily identified (Ramsey et
al,, 1999; Ogawa et al., 2002). However, the origins of the signa-
tures detected by imaging radars are fundamentally different than
those detected by visible and infrared systems. Data collected using
synthetic aperture radar (SAR) have the potential to provide infor-
mation on the geometry of sand dunes and other aeolian features
because of the sensor’s susceptibility to changes in the structure of
surface features. This is particularly important in areas where dunes
are not pronounced and, therefore, optical remote sensors may fail
to reveal the geometry of the dunes. Previous research has shown
that SAR imagery can also provide useful information for distin-
guishing stable vegetated areas from bare areas of active sand dunes
(Blom and Elachi 1981; Lancaster et al., 1992; Greeley and Blum-
berg 1995; Blumberg, 1998; Blanco et al., 2009).

There are significant differences between active microwave
and optical wavelengths in the mechanics of imaging and in
the measured characteristics of a target (Kasischke et al., 1997).
Because of the side-looking illumination geometry, radar im-
ages are distorted to some extent. In addition, the radar waves
are most sensitive to surface roughness at scales near the radar
wavelength (Dobson et al., 1997).

Radar signals depend also on the target’s dielectric constant
that is a measure of how well electromagnetic waves couple with
a given type of material (rock, regolith, soil). The low soil mois-
ture in desert areas increases the importance of soil roughness,
vegetation, and soil volume scattering in the radar backscatter.
Therefore, the geometric and electromagnetic interactions of ra-
dar waves with natural surfaces must be considered for accurate
interpretation of SAR images (Fung, 1994; Greeley et al., 1997).

In semiarid and arid landscapes, the vegetation cover is sparse
and the terrain surfaces are usually not fully stabilized. For radar
data, this has the consequence that the scattering is originated
mainly by the surface roughness that is in turn a dynamic geo-
morphic property. A returned radar signal varies considerably in
response to variations in terrain morphology, topography, and
surface cover (Ridley et al., 1996; Blumberg, 1998; Levin et al.,
2008). To explain these variations, it is necessary to understand
the nature of the interaction between active microwave radia-
tion and surface properties, and determine what soil surface
features are suitable for use as spectral indicators.

In the dunefields of the Valdes Peninsula, vegetation cover,
species composition, aeolian landform types, and soil surface
conditions form a variable continuum influenced by climate
and grazing that lacks discrete land use patterns (Blanco et al.,
2008; del Valle et al., 2008). In such conditions, active micro-
wave remote sensing tends to be highly site-specific, and that
allows maximizing the extraction of statistically distinct back-
scatter patterns of the dunefields.

Since radar backscatter is highly dependent on the geomet-
ric and electric properties of a given terrain, studying the an-
gular and polarimetric behaviors of this backscatter is the key
to extracting structural information about the terrain (Dobson
et al., 1995). Usually in active microwave remote sensing ap-
plications, the SAR parameters are known, but the relationship
between target and measured signals has to be investigated.

Objectives of the Study

The objectives of this study were to assess the potential of
different SAR imageries for detecting and interpreting struc-
tural attributes of the terrain surface and the vegetation cover
that can be used for mapping, and develop interpretative keys
that link the SAR-based structural attributes to wind-driven
land degradation processes.

We attempt to show the dependence of the radar backscatter on
four primary factors related to wind erosion, namely surface rough-
ness, soil moisture, local incidence angle, and vegetation cover.

This study is part of a multi-scale research on deserts and semi-
deserts using spacecraft-borne sensors (SIR-C/XSAR, ERS/SAR,
ENVISAT ASAR, RADARSAT, ALOS/PALSAR, TERRASAR-
X, COSMO-SkyMed, and the forthcoming TERRASAR-L and
SAOCOM) and aircraft-borne sensors (SARAT: synthetic aper-
ture radar airborne transport, Argentinean project). The approach
of nested scales is most appropriate for implementing successful
strategies against wind erosion in carefully chosen areas.

Materials and Methods
Study Site and Environmental Characteristics

The Valdes Peninsula lies on the east coast of the Argentin-
ean Patagonia (42° 05'—42° 53” S and 63° 30'-64° 37" W).
It is surrounded by the San Matfas Gulf to the north, the San
José Gulf to the northwest, the Nuevo Gulf to the southwest,
and the Atlantic Ocean to the east and south. Observations on
wind-driven degradation processes were performed in an area
of 1231 km? centered at 42° 43" S, 63° 57" W (Fig. 1).

The southern sector of the peninsula is affected by the pro-
gression of several fronts of active sand dunes grouped in dis-
crete megapatches. Dune mobility is high because of prevailing
strong winds that cause eastward sand migration at an average
speed 0of 9.1 £ 2.7 m yr™! (del Valle et al., 2008). Air circulation
is strongly influenced by the shape of the coastline, while the
dunefields are very much related to the loose sediments of this
windward coast that is unique in northeastern Patagonia.

The climate is temperate arid, with annual temperature and rain-
fall averages of 13°C and 231 mm, respectively, for the period 1912
to 2008. The proximity to the sea influences the peninsular climate
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Fig. 1. Map of the study area showing the aeolian system of the Valdes Peninsula, northeastern Patagonia (Argentina). This figure was extracted from the
SRTM 90m DEM’s (http://srtm.csi.cgiar.org/). The white polygons represent discrete active sand dune megapatches, digitized on a Landsat ETM+
image (del Valle et al., 2008). The regional annual wind rose shows vectors of wind intensity in northeastern Patagonia. The north wind intensity
increases eastwards at the latitude of the Valdes Peninsula. The west component overwhelmingly prevails throughout the area. Seasonal wind
regimes refer to spring (September-November), summer (December-February), autumn (March-May), and winter (June-August).

much more than that of the adjacent mainland, especially in reduc-
ing the annual temperature amplitude (10.6°C in the peninsula vs.
14.0°C inland), the number of days of frost (< 20 vs. 40), and the
interannual rainfall fluctuations (coefficient of variation of 30% vs.
44%) (Barros and Rivero, 1982). There is no clearly defined rain
season in the area. However, rainfall is more frequent in autumn and
wintet, thus aridity is somewhat mitigated during this period of the
year. The Valdes Peninsula shares with the rest of Patagonia the same
windy conditions, with an annual mean wind speed > 4.0 m s™.
However, westerly winds are less predominant here, while north and
northeast winds become more frequent because of the easternmost
position of the peninsula and the stronger influence of the southwest
Adantic anticyclone (Paruelo et al., 1998).

Gravel deposits of Pliocene-Pleistocene age, locally named
“Rodados Patagénicos”, cover parts of the Valdes Peninsula. Ter-
tiary (Miocene) marine sediments are exposed on the seashore
cliffs and in the erosion fronts of tectonic depressions. Our study
area includes gravel plains and sand deposits (Haller et al., 2000).
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The vegetation is transitional between the southern portion of
the phytogeographic province called Monte (desert shrub) and the
northern portion of the Patagonian province (Ledn et al., 1998).
The following communities are widespread throughout the study
area: (i) grass steppe of Sporobolus rigens and Stipa tenuis, (ii) mo-
saic of grass steppe of S. rigens and S. tenuis and scrub steppe of
Hyalis argentea, (iii) grass steppe of Piptochacetium napostaense, S.
tenuis and Plantago patagonica, and (iv) mosaic of grass steppe of
P, napostaense, S. tenuis, and P patagonica and shrub-grass steppe
of Chuquiraga avellanedae and S. tenuis (Bertiller et al., 1981). On
vegetated dunes, the cover is up to 60 to 80%.

Sheep (Ovis aries) raising, mainly for wool production, is the
main land use type of the Valdes Peninsula rangelands. Sheep were
introduced at the beginning of the last century (Defossé etal., 1992)
and are now raised in large farms (5000-10,000 ha) consisting of
several paddocks around shared water points. Grazing disrupts the
vegetation cover of the dunes (Blanco et al., 2008) and promotes
wind deflation, as shown by increasing appearance of blowouts.
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Fig. 2. Synthetic aperture radar (SAR) instrument configuration and environmental conditions determining the signal-object in a radar image.

Database and Digital Image Processing
Parameters that Influence the Radar Signal

The SAR image formation depends on the combination of the
sensor parameters with those of the target, the atmospheric condi-
tions at the moment of the data acquisition, as well as the mecha-
nisms of interaction and the processing level realized previous to the
distribution of the data (Fig. 2). The response of the radar shows
the interaction signal-object (forms of dispersion of the signal) that
determines the gray value of the image and its interpretation.

Synthetic Aperture Radar Data

Ten SAR images were acquired over the study area by the
SIR-C, ERS-1 and 2, ENVISAT ASAR, and RADARSAT-1,
as well as the ALOS PALSAR. The SAR data were converted
to polarimetric imagery and the components of the microwave
backscatter returning to the SAR antenna were stored in a com-
pressed Stokes matrix format (van Zyl and Ulaby, 1990). De-
tails of the SAR data configurations and published calibration
values are shown in Table 1. No significant rainfall event was
recorded in the month previous to the SAR image acquisition,
and relative air humidity was typically low at that time. Aspect
and prevailing wind data were recorded in the study area.

Synthetic Aperture Radar Image Preprocessing

Satellite data were georeferenced and co-registered to ana-
lyze the synergistic effect of various polarizations and incidence
angles. For proper integration of various layers generated from
different-resolution satellite datasets, feature-to-feature match-

ing was considered more important. Permanent features like
road crossings were few and also not so prominent because of
their narrow dimensions, and were difficult to observe in the
images. Features like drainage bends, sharp ridge curves, isolat-
ed features and some permanent structures were considered for
ground control points (GCPs). To ensure accurate data overlay
at pixel level, 50 metallic roofs of farmland buildings were used
as reference points for geometric adjustment. They appear as
very bright objects in the SAR images due to the high returns
caused by the corner reflector effect, and can be identified by
their rectangular or square shapes (del Valle et al., 2009). Ad-
ditionally, a few geometric differences and distortions in data
processing (because of relief displacement attributed to the ge-
ometry of the ERS 1 satellite image) were recognized and esti-
mated with ground truth (GPS geodesic) and using the SRTM
elevation data (http://srtm.csi.cgiar.org/).

The images were rectified and transformed to a Transverse Mer-
cator cartographic projection, applying a cubic convolution inter-
polation technique, while retaining pixel spacing at 12.5 m (SIR-
C, ERS-1 and 2, ENVISAT ASAR) and 6.25 m (RADARSAT-1,
ALOS PALSAR). The root-mean-square (RMS) transformation
errors were about 3.7 m for RADARSAT-1 and ALOS PALSAR,
and 9.5 m for SIR-C, ERS-1 and 2 and ENVISAT ASAR.

The backscattering coefficients (¢°) of selected areas were
calculated by creating a model in the Erdas Imagine 9.2 soft-
ware (ERDAS Inc., 2008). The basic equations used for the
calculation of ¢° are as follows:

SIR-C (Freeman, 1995):
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Table 1. Characteristics of Earth orbital synthetic aperture radar (SAR) systems.

C band HV dB = (DN/(255/25)) - 35
L band HH dB = (DN/(255/35)) - 35
L band HV dB = (DN/(255/35)) - 45
ERS-1&2 (Laur et al., 2004):

2 in
_ OV )
G,; = X x= =1L
SAR ERS sm(my /)

where:

0., Backscattering coefficient of pixel (i, j)

K : Absolute constant of calibration

SAR ERS®

CN: intensity value of pixel (i, j)
a,  reference incidence angle (23°)

o, incidence angle on pixel (i, j)

ENVISAT-ASAR (Desnos et al., 2000):

2
o _CN,,
" KASAR Envisat

sin
(OL/l r)

where:
o Backscattering coefficient of pixel (i, j)

Characteristics SIR-C SART ERS 1-2 SAR% ENVISATS RADARSAT-11 ALOS/PALSAR #
Acquisition Date (dd-mm-yy) 05-10-94 09-07-92 22-02-98 11-04-04 14-07-06 01-01-05 14-02-07 17-02-08
28-07-01 02-05-02
Product type Multi-Look Precision ASAR Alternating SAR Level 1
Complex (MLC) Image (PRI) Polarization Mode  Georeferenced Fine Multi-look Data
Precision Image Resolution (SGF) (H1.5_UA)
(ASA_APP_1P)
Orbit direction Ascending Descending Descending Descending Ascending
(east looking) (west looking) (west looking) (west looking) (east looking)
SAR Band CL C C @ L
Wavelength, cm 5.8,23.9 5.6 5.8 5.7 24
Polarization HH, HV Y VV, HH VV,VH HH HH
Incidence angle, degree 55.8 23 23 35 343
Frequency, GHz 5.3,1.25 5.25 5.25 53 1.27
Pulse bandwidth, MHz 10-20 15.5 9 11.6-17.3 28-14
Number of looks 4 1,2 1 1 2
Nominal ground range resolution, m 25 25 30 9 10
Nominal Azimuth Resolution, m 30 30 30 8 10
Line/pixel spacing, m 125 12.5 12.5 6.25 6.25
Noise equivalent o, dB —-34 (C-band) -24.8 -20.4 -20 -31.1
-50 (L-band)
Wind direction, Wind speed, m s SW, 1.8 SE, 3.1 NE, 5.8 NE, 2.1 W, 0.5 SW, 7.0 NE, 1.3 SW, 2.9
SW, 2.1 W, 8.1
T Freeman (1995).
F Laur et al. (2004).
§ Desnos et al. (2000).
9 CSA (2000).
# JAXA (2008).
C band HH dB = (DN/(255/25)) - 25 K Ak rvieae: Absolute constant of calibration

CN;: intensity value of pixel (i, j)
o incidence angle on pixel (i, j)

RADARSAT-1 (CSA, 2000):
The relationship between radar brightness (3 and radar
backscatter coefficient (¢ is:

o\=B10xlog, (s Jab

where: I is the incidence angle at the j range pixel. This formula
assumes that the earth is a smooth ellipsoid at sea level.

ALOS PALSAR (JAXA, 2008):

0
o.(dB)=20log DN,+Kdb

where:

DN: digital number

Kdb: Absolute constant of calibration

For speckle suppression, three polarimetric filters with a 3
by 3 pixels window size and one iteration were used, namely
Gamma Map (SIR-C, ERS-1 and 2, RADARSAT-1), Mean
also known as “boxcar” (ENVISAT-ASAR), and Lee (ALOS
PALSAR). The performance of each polarimetric filter was as-
sessed based on the criteria of Sheng and Xia (1996), that is,
the speckle suppression index (SSI) and the edge enhancing
index (EEI). The best filter should be able of retaining linear
land cover features (highest EEI obtained) and homogenizing
polygonal land cover features (lowest SSI obtained).
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Table 2. Landforms, cover type, major species, roughness, and their tone on radar image.

Radar signaturest

Class Landforms Land cover structure class Most common species C-band L-band
1 Foreshore sand beaches Unvegetated desert sand beaches Dark Dark
2 Cliffs scarp (wind abrasion), Generally unvegetated Bright and Dark  Bright and Dark
upper beaches and sand ramps
3 Coastal and inland sand dunes Unvegetated sand dunes Dark, Bright Dark,
Intermediate
4 Interdune Erg generally without vegetation cover Intermediate Intermediate
5 Scald-scabby Flat surface created by aeolian Stipa tenuis Bright, Bright,
deflation of the sand mantle; surface Intermediate Intermediate
characterized by small pebble
deposits and sparse vegetation
6 Stabilized dunefields with Grass steppe. Mixed short grasses Sporobolus rigens, Intermediate, Intermediate,
conspicuous dune crest (10-30 cm) with some shrubs (10 cm). Stipa tenuis Dark Bright
70-80% vegetation cover
7 Stabilized dunefields with Shrub steppe with grasses. Closed Hyalis argentea, Intermediate, Intermediate,
conspicuous dune crest shrub (50 cm) with very short grasses Stipa tenuis Dark Bright
(5 cm). 70% vegetation cover
8 Stabilized dunefields with Mosaic of grass steppe with some Sporobolus rigens, Intermediate, Intermediate,
conspicuous dune crestand  shrubs. Mixed grasses (10-30 cm) and Stipa tenuis, Dark Bright
aeolian deflation areas shrubs (50 cm). 70-80% vegetation Hyalis argentea
cover
9 Stabilized dunefields with Grass steppe with some shrubs. Piptochaetium napostaense, Intermediate, Intermediate,
conspicuous dune crest and Mixed short grasses (20 cm) and Stipa tenuis, Dark Bright
aeolian deflation areas shrubs (50-150 cm). 60-70% Plantago patagonica
vegetation cover
10 Stabilized discontinuous thin Mosaic of grass steppe and shrub- Piptochaetium napostaense, Intermediate, Intermediate
aeolian mantles in gravel grass steppe. Mixed short grasses Stipa tenuis, Bright
plains (20 cm) and shrubs (50-200 cm). Plantago patagonica,
60-70% vegetation cover Chuquiraga avellanedae
1 Coastal dunes Shrub steppe. Mixed shrubs Senecio filaginoides, Intermediate, Intermediate,
with wind abrasion (70-110 cm). 50% vegetation cover Mulinum spinosum Dark Dark
12 Stabilized discontinuous thin Shrub-grass steppe. Shrubs Chuquiraga avellanedae, Intermediate, Intermediate
aeolian mantles in gravel (80-100 cm) with grasses (10-20 cm). Stipa tenuis Bright
plains 40-60% vegetation cover
13 Temporary and permanent Generally unvegetated Very dark Very dark
saltlakes

T Surface roughness types (Image tone): Smooth (Dark), Intermediate (Intermediate), and Rough (Bright).

Analysis of the Synthetic Aperture Radar Backscatter

Variables related to the radar design and environmental set-
tings were analyzed to better understand the behavior of the
radar-backscattering signal. In our environmental conditions,
four factors control the variations of the backscattering coefh-
cient, namely surface roughness (influenced by terrain features,
vegetation physiognomy, and wind conditions at the time of
the radar overpass), soil moisture, local incidence angle, and
vegetation cover. The backscattering intensity changes with
these parameters and produces image brightness variations, ex-
pressed as changes in the pixel gray levels of the images.

The qualitative interpretation applied in this research did
not require detailed roughness measurements but knowledge
about the environmental variables that most likely influence
changes in image brightness. Table 2 describes the major spe-
cies, landforms, and vegetation cover types of the dunefields,
with their surface roughness and tone on each radar band im-
age. Some examples of land cover class are showed in Fig. 3a-f.

The relationships between backscatter (¢”) and biophysical
properties were analyzed for the following land cover classes: (i)
scald-scabby areas (deflation areas), (ii) cliff scarps (wind abrasion),
(iii) discontinuous thin aeolian mantles in gravel plains, (iv) inter-

dunes, (v) closed scrubs, (vi) mosaic grass-scrub steppe with defla-
tion areas, (vii) grass-scrub steppe without deflation areas, (viii) old
track sand dune, and (ix) active sand dune megapatches. We used
ANOVA and Tukey’s multiple comparison tests to evaluate the sig-
nificance of differences between means backscatter of the land cov-
er classes. The distribution of data for all variables was found to be
normal, so the data were not normalized or otherwise transformed.

Ground truth was gathered in 1978 (Rostagno, 1981; Bertiller
et al,, 1981), 1994 to 1996 (Gagliardini et al., 1994; del Valle et
al., 2000), and 2001 to 2008 (Bouza et al., 2002, 2005; del Valle
et al., 2008; Blanco et al., 2008, 2009). Ninety training sites (10
polygons of 100-140 pixels per class) were located using a GPS
with 4-m accuracy. Several sampled sites were revisited and pho-
tographed to document wind erosion and other aeolian features.
Table 3 summarizes these studies in relation with the nature of the
land degradation. Each sampled site was described in terms of land
use, geomorphology, vegetation, and soil morphology (USDA,
2003). Past wind erosion was identified using visual field indicators
such as bare soil surfaces, deflation hollows, desert pavements, wind
scours between plants, drifted or rippled terrain surfaces, pedestal
plants, exposed roots, sand deposition on the leeward side of plants
and obstacles, subsoil exposure, and reduced plant growth.
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Figure 3a-f. 3a. Inland colonies of sand dunes showing the interdune space with sparse vegetation and desert pavement. The arrows point to
psammophytic species (mainly the native Hyalis argentea) that try to recolonize the dune. 3b. Stabilized dunes with conspicuous dune
crests. Mosaic of grass steppe with some shrubs. 3c. Grazing impact on a vegetated dunefield showing a deflation hollow (blowout).
3d. Site showing high density of blowouts in the proximity of a water point. 3e. Subset of an ALOS PRISM image (24 Mar. 2007), with 2.5
m spatial resolution, showing contrast in land management (fence line). Right: closed shrub cover of Hyalis argentea. Left: mixed short
grasses of Sporobolus rigens with some shrubs. The arrows point to inactive parabolic dunes resulting from the deactivation of migrating
dunes under the influence of vegetation. 3f. Subset of an ALOS PRISM image (24 Mar. 2007) showing (1) an active sand dune megapatch,

and (2) inactive parabolic dunes with some blowouts.

Results and Discussion

Multisensor Image Interpretation

The ANOVA results are presented in Table 4. Land cover
classes predicted the differences in backscatter values (¢°) for
all the radar images. Different letters indicate significant dif-
ferences (p < 0.05) among classes. The mean and standard
deviation backscatter (¢°) estimates for each land cover classes
were spatially and temporally highly variable. While the classes
exhibited the same general trend that we observed on the land-
scape scale, namely a low backscatter (¢°) with the aeolian fea-
tures more conspicuous of the class and the wind condition.
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L-band from SIR-C and ALOS PALSAR separate the class-
es more than C band does. This may be due to the fact that
L-band penetrates deeper in the soil and has better sensitivity
of SAR to surface roughness (Greeley and Blumberg, 1995;
Blumberg et al., 2004). The L-HH has greater penetration to
underlying soil and L-HV is more sensitive to the target vol-
ume. The radar wavelengths and polarizations that improve the
contrast among the dunefields and the surrounding sand man-
tle of the gravel plain are (in descending order): L-HV (SIR-
C), L-HH (SIR-C and ALOS PALSAR) and C-HH (RADAR-
SAT-1). This will be discussed in detail further in the article.

Smaller look angles (< 35°) tend to enhance the internal
structure of sand dune megapatches, while larger look angle

Journal of Environmental Quality « Volume 39 « January-February 2010



Table 3. Summary of documented local studies named in the text.

Land cover classes

Spatial Temporal Data Basis of erosion Nature of the land recognized
References scalet scale¥ characteristics component degradation (total sites visited)§
Rostagno (1981) L A Climate, soil types Physically based Soil erosion GP, CS, M1,D (15)
Bertiller et al. (1981) L A Vegetation types Physically based Vegetation degradation ~ GP, CS, M1, M2, D (15)
Gagliardini et al. (1994) F+L A Landforms, surface Process-based Deflation, accumulation  AD, C, GP, I, OT, D (20)
roughness
del Valle et al. (2000) F+L M Landforms, surface Source-based, physical Deflation, accumulation, AD, GP, CS,
roughness, soil surface, condition based path sand transport M1, OT, D (33)
wind, vegetation cover
Bouza et al. (2002) P+F A Soil types Physically based Soil erosion, soil buried GP, M1 (10)
Bouza et al. (2005) P A Soil types Physically based Soil erosion, soil buried GP, M1 (10)
del Valle et al. (2008) F+L M Wind, landforms, Climate records, index, Deflation, accumulation, AD, C,CS,
surface roughness, source-based, physical path sand transport M1, OT, D (33)
vegetation cover condition based
Blanco et al. (2008) P+F+L A Climate, landformes, Process-based Deflation OT, D (20)
surface roughness,
wind, vegetation cover
Blanco et al. (2009) P+F+L A Landforms, surface Process-based Deflation, accumulation OT, D (20)
roughness, wind,
vegetation cover
This paper F+L M Surface roughness, Physical condition Deflation, accumulation, AD, C,GP |, CS,

wind, vegetation cover

based dust flux, landscape M1, M2, OT, D (90)

erodibility, hazard

T P: plot, F: field, L: local.
# A: annual, M: multi-temporal.

§ AD: scald-scabby areas (deflation areas), C: cliff scarps (wind abrasion), GP: discontinuous thin aeolian mantles in gravel plains, I: interdunes, CS: closed
scrubs, M1: mosaic grass-scrub steppe with deflation areas, M2: grass-scrub steppe without deflation areas, OT: old track sand dune, and D: active sand

dune megapatches.

(55.8° like SIR-C) reflect the surface roughness and texture
(Greeley and Blumberg, 1995). The HH and VV backscatters,
particularly at small incident angles (like ERS and ENVISAT
ASAR), are significantly increased when the radar looks per-
pendicular to the direction of the dune face. The topography
and orientation of the sand dunes produce high backscatter in
a descending orbit (west looking).

Wind influences the surface roughness (ERS 1 & 2, see
Table 1), especially for vegetated and nonvegetated surfaces
where the wave action increases the backscatter (high values).
The subtle roughness difference between the two bands L-HH,
with exact difference of a year (ALOS PALSAR), it could also
be due to the influence of the wind.

Active Multiwavelength Analysis: The SIR-C Data

On Fig. 4a-c, the stabilized dunefields with conspicuous crests
can be clearly identified by their intermediate gray tones (medi-
um backscatter). Active sand dunes show smooth dry dark sur-
faces (low backscatter). Temporary or permanent salt lakes and
sand beaches correspond to very dark surfaces (specular scatter-
ing, low backscatter). The bright linear reflections represent steep
crests of inactive sand ridges. The sparse vegetation and pebbles
that cover the gravel plains (“Rodados Patagénicos”) produce
moderate radar returns and appear as light gray tones, in con-
trast to sand covered areas. Often, lighter and darker tones are
paired in parallel lines because of alternatively illuminated and
shadowed shrubs or clumps of shrubs (mostly shrubs of Chu-
quiraga avellanedae) above the overall ground cover (del Valle
and Blanco, 2006). Narrow sand beaches, gullies, and cliff scarps
appear in bright white tones (rough surface, high backscatter).

In general, tone variations of the SAR images are more rel-
evant to spectral or dynamic properties than to surface rough-
ness (Qong, 2000). However, windblown sand easily produces
changes in surface roughness and could be the cause of the
temporal variations of the backscatter coefficient (Prigent et al.,
2005). Sand movement randomly changes the micro-geometry
of the sand scatters on the terrain surface. The very dark fea-
tures of mobile sand over a bright matrix are not only direct
evidence of sand mobility, but they also effectively delineate
the outlines of active dunes and visually indiscernible thin sand
sheets (Liu et al., 1997; Stephen and Long, 2004).

Spatial patterns of tone and texture variations are much bet-
ter recognized on the L-band (Fig. 4b and Fig. 4c) than on
the C-band images (Fig. 4a). The L-band images show various
shades of gray that indicate different levels of low vegetation
density and eroded soils, and reflect degrees of vulnerability
to wind erosion (del Valle and Blanco, 2006). There are subtle
differences between the L-HH and L-HV bands to detect and
interpret wind erosion features. At steep incident angles such as
in the case of SIR-C (55.8°), HH images tend to provide more
information about the soil condition, while the C-HV band
provides complementary information to the former.

Multitemporal Analysis: The ERS Data

Wind causes local “noise” effect on the temporal backscat-
ter signal (Fig. 5a-d). Thus, the radar imagery can contribute
to overcome the lack of local wind data, as is the case in our
study area (del Valle et al., 2008). Figure 5¢ and Fig. 5d show
strong western winds, resulting in enhanced radar backscatter-
ing (subsets of ERS-2 images, C-band VV). The images reveal
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Table 4. Mean and standard deviation backscatter (c°) per image for land cover classes.

RADAR AD*T C GP | (&) M1 M2 oT D
DATA Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
SIR-C 1994

-C-HH -6.5a% 09 -59a 0.7 -105b 1.7 -121c 21 -120c 1.0 -128c 20 -17.0e 20 -11.7c 1.8 -22.1f 2.0
-C-HV -106b 10 -93b 1.1 -162d 19 -156d 1.9 -172¢e 1.8 -16.0d 20 -187e 19 -128c 2.0 -229f 1.6
- L-HH -142d 1.7 -56a 15 -143d 1.8 -223g 23 -2449g 19 -2379 22 -228g 2.1 -137d 26 -27.8h 1.9
- L-HV -26.0h 1.7 -151d 1.7 -258h 19 -284h 21 -299h 20 -27.1h 24 -336h 21 -2279 27 -387i 19
ERS 1 1992

-C-wW -68a 19 -62a 23 -77b 21 -63a 18 -151d 20 -6.1a 23 -100b 25 -95ab 25 -17.5e 2.6
ERS 2 1998

-C-wW -94ab 29 -67b 3.1 -113c 26 -77b 23 -185de 24 -81b 28 -16.0d 25 -16.5e 26 -185f 3.4
ERS 2 2001

-C-wW -93b 22 -78b 20 -165e 21 -73b 23 -141d 3.0 -140d 25 -174e 26
- -77b 29 -57a 2.1

ERS 2 2002

-C-W -124c 31 -80b 34 -147d 26 -123c 28 -191f 25 -113c 28 -181e 3.0 -174e 29 -224g 34
ENVISAT 2004

-C-wW -10.1c 3.1 -6.2a 32 -112c 3.0 -145d 3.6 -146d 3.0 -13.1d 32 -158d 27 -133d 3.2 -17.0e 34
-C-HH -126d 34 -75b 3.1 -17.5e 3.1 -154e 3.6 -16.0e 3.0 -150e 3.6 -204f 3.1 -153e 3.6 -21.0f 34
ENVISAT 2006

-C-wW -13.1d 34 -6.8b 3.1 -144d 32 -158e 3.6 -143d 3.0 -163e 3.0 -173e 21 -132d 35 -234g 34
-C-VH -2269g 3.6 -11.7c 3.1 -21.6g 3.2 -226g 34 -2359g 35 -197f 36 -239g 35 -204f 3.5 -251h 3.0
RADARSAT 1 2005

-C-HH -132d 32 -7.0a 24 -162d 23 -149d 3.1 -168e 3.0 -148d 33 -229g 3.0 -180e 3.1 -247h 32
ALOS PALSAR 2007

- L-HH -118c 16 -71a 20 -174e 1.7 -204f 1.8 -222f 18 -151d 21 -228f 1.7 -133d 24 -272h 19
ALOS PALSAR 2008

- L-HH -12.5bc 14 -77a 1.8 -180e 1.7 -223g 26 -23.1g 1.8 -164e 3.2 -23.79 1.8 -124c 27 -28.1h 24

1 AD: scald-scabby areas (deflation areas), C: cliff scarps (wind abrasion), GP: discontinuous thin aeolian mantles in gravel plains, I: interdunes, CS: closed
scrubs, M1: mosaic grass-scrub steppe with deflation areas, M2: grass-scrub steppe without deflation areas, OT: old track sand dune, and D: active sand

dune megapatches.
¥ Different letters indicate significant differences (p < 0.05) among classes.

the presence of acolian features such as sand or dust sources
(mostly bright), active dunes (dark with bright mottles), reg
surfaces with desert pavement (intermediate gray tones), and
sand mantles (alternating bright and dark narrow features).
The brightness tones represent backscatter amplitude values.
The mottled bright appearance of the active dunes results from
quasi-specular returns from dune faces oriented normal to the
radar illumination (incidence angle image of 23°).

The boundaries of the sand dune megapatches are sharp but
not fully stable, as illustrated in Fig. 5a-d. However, there are
some wind-related features that provide clues to the wind di-
rection (Schaber, 1999). On Fig. 5c that represents a calm day,
sandy areas appear dark due to their smooth texture, whereas
interdune areas appear in gray tones. In contrast, Fig. 5d shows
the influence of the wind blowing from west on sand mobiliza-
tion (at wind speed of 8.1 m s™'). Thus, large sand sheets are
almost continuously swept over the land surface (Qong, 2000).

C-band Analysis: ERS-2, ENVISAT ASAR, and RADARSAT-1

A comparison between subsets of ERS-2, ENVISAT ASAR,
and RADARSAT-1 images on Fig. 6a-d, shows the differences
in dune visibility and brightness variations. The subtle visibility
of inactive linear sand dunes (white arrows) is highly depen-
dent on radar polarization, incidence angle, and viewing geom-
etry. Linear sand dunes have dark to intermediate gray tones

in C-VV images (Fig. 6a and Fig. 6¢) probably because of the
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deposition of windblown material, which absorbs the radar sig-
nal and produces a lower digital number (Greeley et al., 1997).
Comparatively, linear sand dunes appear slightly brighter in
C-HH images. The look angle (23°) in both ERS-2 and EN-
VISAT ASAR images plays an important role in the delineation
of active sand dunes by enhancing the surface roughness of the
landforms. However, the ENVISAT ASAR images (Fig. 6b-c)
seem to have a higher radiometric dynamics that allows discrim-
inating the internal structure of the sand dune megapatches. In
the case of thin discontinuous sand mantles that are locally sta-
bilized by shrub, backscatter increases on RADARSAT-1 images
(Fig. 6d) as a result of volume scattering from an argillic-calcic
soil horizon and by volume scattering from the root mounds of
shrubs (mostly Chuquiraga avellanedae) (Bouza et al., 2005).
RADARSAT-1 (C-HH) shows a better backscatter contrast
(image tone) for the various geologic, landform, and soil units.

L-band Analysis: SIR-Cand ALOS PALSAR

Figure 7a-d shows the L-band from SIR-C and ALOS PAL-
SAR, where stabilized sand deposits have clearly defined edges on
radar images. Field observations indicate that they were deposited
as sand sheets and large dunes. Thin white lines are bright reflec-
tions from steep sand ridge crests. The sand ridges, now smoothed
and partially reworked, seem to have derived from a mixture of
active and inactive barchanoid ridges and parabolic dunes. This
suggests that there is a transition between both dune types as the
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Figure 4a-c. Subsets of a SIR-Cimage acquired on 5 Oct. 1994 (4a: C-band
HV, 4b: L-band HH, 4c: L-band HV). Radar illumination is from
theleftatanincidence angle of 55.8°. The following features
can be observed: (1) smooth dry dark surfaces (active
sand dunes), (2) intermediate shades of gray (stabilized
dunefields) as a function of the interactions between soil
moisture, surface roughness, and vegetation type (natural
species), and (3) bright targets at or near saturation due to
high volume and surface scattering (effects between plant,
dune topography and incident microwaves). The white
arrows point to thin white lines (bright reflections) from
steep crests of the inactive sand ridges associated to the
parabolic dunes (old tracks sand dune).

vegetation cover increases (Duran et al., 2008). That is a clear ex-
ample of deactivation of migrating dunes under the influence of
vegetation. These sand ridges, which represent old track dune sys-
tems, can be easily recognized from the L-band data, whereas only
a few of the larger tracks are visible in the C-band data.

The contrast between dunes and interdune areas is greatest in

the L-band from ALOS PALSAR (Fig. 7c and Fig. 7d). This is con-

sistent with the pixel size that needs to be 10-m or more resolution
to identify interdune details. Interdune areas are usually covered by
a crust of fine particles and salts. However, the terrain surface is also
modified by wind ripples (2-5 cm high) causing roughness that is
well represented on the L-band. This band creates a much stronger
contrast between the dunes and their surroundings.

On the L-HH band (Fig. 8a-b), stabilized sand units ap-
pear with intermediate and bright tones. The active sand dunes
in megapatches are distinctively darker. The L-HH image
response becomes progressively darker (like C-band) at inci-
dence angles larger than 40° such as on SIR-C images (Schaber,
1999). Figure 8a shows the active sand dunes at the endpoint
of the sand transport (Atlantic Ocean). Figure 8b highlights the
negative impact of wind activity on rangeland production and
farm infrastructure (private airport indicated by black arrows).
The bright lines in Fig. 8b (black arrows) represent the inactive
barchanoid ridges and parabolic dunes earlier described.

Old track dune systems are better-mapped using long wave-
length (L-band) than short wavelength (C-band). The penetration
depth of the C-band is 4.2 times less than that of the L-band, being
<1 m even in very dry conditions (El-Baz and Robinson, 1997).
Our results show better discrimination of the internal structure of
the sand dune megapatches in the C-bands from ERS-2, ENVI-
SAT ASAR, and RADARSAT-1 images, including the orientation
of the dune slopes. A slight rise in backscatter at low incidence
angle, approximately equal to the angle of repose of sand (Stephen
and Long, 2004), reflects the presence of surficial sand slips. Im-
ages of the interdune areas show that the sub-10 m resolution of
RADARSAT-1 is also sufficient to identify details of these flat areas.

Conclusions

In this study, we have explored the potential of different
SAR sensors for the estimation of structural attributes of wind-
driven land degradation processes in grazed dunefields. The
visibility of aeolian features on radar images is mostly a func-
tion of wavelength, polarization, and incidence angle.

The active sand deposits in the Valdes Peninsula appear as dark
areas at all wavelengths and polarizations. Stabilized sand deposits
are clearly observed in radar images, with defined edges but also sig-
nals of ongoing wind erosion. Different classes showed differences
in backscatter response mostly related to vegetation cover and wave-
length-dependent surface roughness (wind activity that reworks
unconsolidated surficial deposits). The effect of wind speed (= 4.0
m s™) on the target increases the backscatter value, being this wind
speed usually considered as the threshold of wind erosion.

The backscatter is also controlled by changes in the local
incidence angle and look direction (ascending vs. descending
orbit). Smaller incidence angles (23-35°) tend to enhance the
dune topography while a larger incidence angle (55.8°) makes
the dune surface appear smooth. A descending orbit (west
looking) shows the dunes and interdunes areas much better
than an ascending orbit (east looking). An ascending orbit also
decreases the visibility of some inactive and active linear dunes.

The longer wavelengths (L-band) distinguish mostly old
track sand dunes and scald-scabby areas (deflation areas) bet-
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Figure 5a-d. Influence of the wind conditions on a sand dune megapatch and its surroundings, observed on a subset from ERS-1 and 2 images
(C-VV). Wind causes local “noise” effect on the temporal backscatter signal. Radar illumination is from the right at an incidence angle
of 23°. The mottled bright appearance of the active dunes results from quasi-specular returns from dune faces oriented normal to
the radar illumination. The wind direction and the maximum wind speed at the time of taking the image are indicated in brackets for
each figure (Source: Puerto Madryn, weather station). 5a. 9 July 1992 (SE, 3.1 m s7"). 5b. 22 Feb.1998 (NE, 5.8 m s'). The dark lines on
the brightness matrix, visible on the right of the figure, are linear dunes. 5c. 28 July of 2001 (SW, 2.1 m s™"). The active dunes have dark
tones; the linear dunes are not visible. 5d. 5 May 2002 (W, 8.1 m s7'). The bright wind streaks denote zones of particle removal by the

local turbulence of the wind.

ter than the shorter wavelengths (C-band) because of increased
contrast. The old track sand dunes are a clear example of deac-
tivation of migrating dunes under the influence of vegetation.

The old track sand dunes reveal aerodynamic roughness
information that can be used in wider studies on aeolian pro-
cesses, not only in the Valdes Peninsula. These features would
allow mapping near-surface wind patterns. The lack of weather
stations in the study area, especially wind data, could be par-
tially overcome with these studies.

Although multipolarization and multiwavelength SAR data are
recognized to be extremely useful for studying arid and semiarid
environments, single and dual polarization SAR data, such as those
provided by ERS-1 and 2, ENVISAT ASAR, and RADARSAT-1,
can complement the data generated by satellites such as the pres-
ent RADARSAT-2, ALOS PALSAR, TERRASAR-X, COSMO-
SkyMed, and the forthcoming TERRASAR-L and SAOCOM.

Significant challenges still exist for radar imagery to achieve its
full potential for wind-driven land degradation processes. From
the remote sensing perspective, several issues need to be addressed.
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The full range of factors which result in spatial and temporally
varying signatures on SAR imagery still have to be quantified, with
the influence of wind conditions, and plant cover being the princi-
pal uncertainties. Obviously, the combination of optical data with
radar data (data fusion) is fundamental for a synergic approach.
Data fusion represents a strategic way to increase the potentialities
of remote sensing in real-world applications thanks to the promise
of improvement in accuracy and reliability of analysis results.

The approach implemented in this study can be applied else-
where to obtain a better understanding of the scattering mecha-
nisms, sensor and target parameters, and their influence on the SAR
backscatter from aeolian targets, and improve our comprehension
of wind-driven land degradation processes in mid-latitude regions.
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Figure 6a-d. Like- and cross-polarized radar subset image at C-band in the center of the WE dunefields. 6a. ERS-2 C-band VV. White arrows indicate
inactive linear sand dunes. 1. Dunefield WE. 2. Discontinuous thin aeolian mantle in gravel plain. 6b-c. ENVISAT ASAR C-bands VV (6b)
and VH (6¢). Note the internal structure of the sand dune megapatches. 6d. RADARSAT-1 C-band HH. White arrows indicate old track
sand dunes.

Figure 7a-d. Comparison of information contentin SAR data with like-polarization (HH) and cross-polarization (HV) of the L-band. Radar illumination
is from the left at incidence angles of 55.8° (7a-b) and 34.3° (7c-d). 7a-b. Subset of an image acquired by the SIR-C mission on 5 Oct.
1994. 7c-d. Subsets form ALOS PALSAR images (L-HH) acquired on 14 Feb. 2007 and 17 Feb. 2008.
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