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ABSTRACT

In this study, we investigated the feasibility of using the C-band European

Remote Sensing Satellite (ERS-1) synthetic aperture radar (SAR) data to estimate

surface soil roughness in a semiarid rangeland. Radar backscattering coefficients

were extracted from a dry and a wet season SAR image and were compared with

47 in situ soil roughness measurements obtained in the rocky soils of the Walnut

Gulch Experimental Watershed, southeastern Arizona, USA. Both the dry and

the wet season SARdata showed exponential relationships with root mean square

(RMS) height measurements. The dry C-band ERS-1 SAR data were strongly

correlated (R2 = 0.80), while the wet season SAR data have somewhat higher

secondary variation (R2 = 0.59). This lower correlation was probably provoked

by the stronger influence of soil moisture, which may not be negligible in the

wet season SAR data. We concluded that the single configuration C-band SAR

data is useful to estimate surface roughness ofrocky soils in a semiarid rangeland.

Index terms: surface roughness, radar remote sensing, microwave.

RESUMO: ESTIMATIVA DE RUGOSIDADE DE SOLO EM REGIOES

SEMI-AR1DAS POR MEIO DOS DADOS DE RADAR DE
ABERTURA SINTETICA (BANDA C, SATELITE ERS-1)

Neste estudo, analisou-se a relacdo entre dados de radar de abertura sintetica (banda

C, satelite ERS-1 ■ European Remote Sensing Satellite) e medidas de rugosidade do terreno

numa regido semi-drida do Arizona, EUA. Os coeftcientes de retroespalhamento obtidos de

imagens das epocas seca e chuvosa foram comparados com 47 medidas de rugosidade do

terreno obtidas da Microbacia do Walnut Gulch, localizado no sudeste do estado doArizona,
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EUA. Foi observada correlacdo exponencial entre dados de radar da epoca seca e medidas

de rugosidade (R2 = 0,80). Com relacao aos dados de radar da epoca chuvosa, tambem foi

observada correlagao exponencial, porem com dispersao maior de pontos (R2 = 0,59). Esta

correlacao mais baixa deveu-se, provavelmenie, a maior influencia da uinidade de solo nos

processos de retroespalhamento na banda C, na epoca chuvosa. Os resultados deste

experimento indicaram que dados de radarna banda C sao promissores quanto a estimativa

de rugosidade de terreno em regioes semi-dridas.

Termos de indexacao: rugosidade do terreno, sensoriamento remoto por radar, microondas.

INTRODUCTION

One of the major goals in hydrology is to

understand and quantify the processes that control

hydrologic storages and fluxes at local, regional, and

global scales (Moran et al., 1994). Soil roughness is

one of the most important parameters in these

hydrologic processes because it controls the

distribution ofrainfall into runoff, evapotranspiration

and infiltration (Moore & Larson, 1979; Dubois et

al., 1995). In semiarid regions, soil roughness

appears to play a major role for runoff forecasting

on a watershed. For instance, at a field scale,

roughness slows runoffdown and traps water, which

helps infiltration (Benallegue et al., 1995).

Measurements ofsoil roughness by conventional

in situ methods such as the pin-based roughness

meter developed by Simanton et al. (1978) or the

ultrasonic profiler developed by Robichaud &

Molnau (1990) are labor intensive and essentially

represent point-based information of a terrain. As a

consequence, a number of remotely-sensed

experiments have been conducted to estimate this

parameter over large areas.

Experiments conducted using synthetic aperture

radar (SAR) systems, which operate in the

microwave spectral region (magnitude of

wavelengths in centimeters) have shown a strong

radar backscatter dependence on soil roughness

(Ulaby et al., 1978; Mo et al., 1988; Rao et al., 1993).

These experiments have also indicated a significant

contribution from soil moisture and vegetation cover,

suggesting the use ofa multiple sensor configuration

(combination of different frequencies, polarization,

and incidence angles) to estimate soil roughness

without ambiguity. Autret et al. (1989) found the

following combination was the best for soil roughness

estimation: multi-angle (20 and 40°), low frequency

(S- or C-band, 3.0 and 5.6 GHz, respectively), and

HH polarization. Rao et al. (1993) reported that

surface soil roughness could be estimated to an

accuracy of 10% or better, if a three frequencies

approach were used.

One of the problems in the estimation of soil

roughness using multiple configurations is that none

of the current satellite carrying SAR systems

(European Remote Sensing Satellite - ERS-1 and

ERS-2; Japanese Earth Resource Satellite - JERS-

1; and Canadian Remote Sensing Satellite -

RADARSAT) operates with multiple configurations.

Thus, it is desirable to develop techniques using

single band polarization to estimate soil roughness.

Such techniques are most likely possible for semiarid

regions because of the low soil moisture contents

and sparse vegetation cover. The objectives of this

study are (a) to investigate the potential use of

existing C-band ERS-1 SAR system to estimate soil

roughness in semiarid regions; and (b) to assess the

effects of soil moisture on the soil roughness

estimation.

MATERIALAND METHODS

Study area

The study area is at the Walnut Gulch

Experimental Watershed (31.72° N latitude,

110.00° W longitude), a semiarid rangeland near

Tombstone,Arizona (Figure D.This watershed, with

approximately 150 km2, has been operated by the

U.S. Department ofAgriculture (USDA), Agricultural

Research Service (ARS) since 1954. The vegetation

is primarily desert shrubs and grasses, with shrubs

being dominant in the western part, and grass in

the eastern part of the watershed.

The main drainage of the study area runs from

the northeast to the southeast. The elevation ranges

from about 1220 m (west part of the watershed) to

1890 m (east part of the watershed), where the

topography becomes more dissecated. The watershed

can be described as gently rolling hills incised by

rather steep drainage channels, mainly at the east

part of the watershed (Kustas et al., 1991).

The predominant textures ofsurface soils (0-5 cm)

are sandy loams and gravelly loamy sands, with a

small quantity of organic matter and a rock fraction

around 30% (Gelderman, 1970; Kustas & Goodrich,

1994).The two most dominant soil units in the study

area are the Mabray-Chiricahua and the Forrest-

Bonita soil complex units, covering about 13 and 9%

of the watershed, respectively. The typical slope
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Figure 1. Map of the Walnut Gulch Experimental

Watershed showing its geographical location

in the State of Arizona.

range for Mabray-Chiricahua and Forrest-Bonita

units are 3 to 15% and 0 to 3%, respectively. The

Mabray complex has a dark grayish brown color and
very cobbly loam texture in the top 2 cm of soil

surface and is classified as loamy-skeletal,

carbonatic, thermic Lithic Ustic Torriorthent. The

Chiricahua complex has a reddish brown color, a very

gravelly clay loam texture (0-2 cm) and is classified

as clayey, mixed, thermic, shallow Ustollic Haplargid.

The Forrest unit has a brown to dark brown color,

fine sandy loam texture and is classified as a fine,

mixed, thermic Ustollic Hapargid. Finally, the Bonita

unit has a grayish brown color, silt loam texture and
is classified as a fine, montmorillonitic, thermicTypic

Haplotorrert.

Radar images

This research was based on the analysis of an

ERS-1 SAR image acquired on April 25,1992 [Day

of Year (DOY) 116] as part of the remote sensing

project developed in 1992 over the Walnut Gulch

Experimental Watershed (WG'92 experiment)

(Moran et al., 1996).This date corresponded to a dry

season, when the surface soil moisture was low and
the vegetation was mostly dry. Samples of soil
moisture obtained at four study sites in the

watershed two days prior to the satellite overpass

(DOY 114,1992) indicated an average volumetric soil

moisture content of 2.6%. Therefore, we expect soil

roughness to be the most dominant parameter in

the backscattering process for this overpass. The

SAR image was acquired at 5.3 GHz (C-band), W

polarization, 23° incidence angle, and 12.5 m pixel

spacing.

Another ERS-1 SAR image was acquired in July

25,1994 (DOY 206).This date corresponded to a wet

season, when the soil moisture content was high.

About two thirds of the annual rainfall in the

watershed occur in July andAugust as intensive and

convective thunderstorms. Rainfall records at 89

raingages located in the watershed indicated that

the first storms related to the summer "monsoon"

season of 1994 occurred on DOYs 204 and 205 and

produced an average precipitation of 10.3 mm

(standard deviation = 3.1 mm). With the image

acquired in this season, we expect to be able to

evaluate the effects ofsoil moisture on the estimation

of soil roughness.

These two images were georeferenced to the

Universal Transverse Mercator (UTM) coordinate

system (Zone 12, 1927 North American Datum,

Clarke 1866) and corrected for topographic effects.

They were also corrected to account for the real

backscattering area of each pixel, using a Digital

Elevation Model (Beaudoin et al., 1994). Radar

backscatter coefficients (o°) were extracted from

these preprocessed images using the following

equation (Laur, 1992):

G°(decibcls,dB) = 10]og(DN2+STD2)-K (1)

where

DN= average digital number of each site

(approximately 200 pixels per site);

STD = standard deviation; and

K = system calibration constant of the ERS-1

SAR system.

Bruniquel (1996) showed that the use of

approximately 200 pixels can lead to o° values with
confidence interval smaller than 1 dB. In fact, all o°

calculations in this study presented confidence

intervals smaller than 0.8 dB.

Field Measurements

Height profiles ofthe soil surfaces were measured

using aim roughness meter developed by Simanton

et al. (1978), which gives a profile of 100 heights of

soil surface per meter. Twenty six study sites

(Figure 2) were located in the grass-dominated,

gravelly sandy loam soils of the watershed
(Breckenfeld, 1993). Another 21 study sites were

located at the shrub-dominated, very gravelly sandy

loam soils in the western part of the watershed.
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Figure 2. Walnut Gulch Experimental Watershed boundaries with location ofsoil moisture sampling sites.

Three plots, each having an area of 1 x 2 m, were

randomly selected per site for the roughness

measurements.The 1 m roughness meter (Figure 3)

was paraleled approximately every 20 cm interval

within each plot, giving 10 roughness profiles per

plot or 3000 point readings per site. These point

readings were connected to lines and digitized using

a Geographical Information System software

package (Arc/Info) to calculate the standard

deviation (in centimeters). The average of 30

standard deviations (10 lines per plot x 3 plots)

corresponded to the roughness index or to the Root

Mean Square (RMS) height variation ofthe site.

The soil roughness measurements were compared

with dry and wet season SAR images. Because the

soil roughness of the study area is determined

basically by the presence of rock fragments in the

surface, we assumed that this physical parameter

did not change significantly over the time period

between the two analyzed images. Unlike

agricultural areas, surface roughness over natural

environment in semiarid regions is quite stable.

Figure 3. Illustration of field roughness

measurement in the Walnut Gulch Watershed.

RESULTS AND DISCUSSION

Figure 4 shows the relation between the dry

season C-band SAR data and RMS height

measurements (h) in the watershed. The h values

varied from 0.6 to 2.0 cm; that is, a variation of

approximately 1.4 cm in RMS height caused a c°

variation of approximately 2.5 dB. The following

general exponential relationship, including h

measurements from both grass- and shrub-

dominated part of the watershed, was obtained

(R2 = 0.80, with a level of significance a = 0.05):

a° = 8.48-8.71e-i-96A (2)

This relation confirms a previous finding by

Altese et al. (1996), who also found an exponential

correlation between these two parameters. The

exponential correlation indicates that the sensitivity

of radar data to soil roughness is higher at lower

roughness conditions. In other words, the retrieval

of soil roughness from SAR data for relatively

smooth surfaces appears to be more difficult because

of the need for accurate roughness measurements

in such smooth surfaces. As mentioned by Ulaby et

al. (1978), an accurate field description of surface

roughness ofa soil medium is very difficult to obtain.

A decrease in this correlation can be expected

when the RMS height measurements are compared

with a wet season ERS-1 overpass. A stronger effect

of soil moisture in the backscattering process is

expected for wet season images, consequently

decreasing the relation between SAR data and h

measurements. This stronger effect can be shown

by plotting the radar signals from the wet season

against the signals from the dry season image

(Figure 5). Most of the points are located above the

1:1 line, indicating that the backscattering

coefficients of the wet season are higher than those

ofdry season. The average difference variation ofa0

between these two dates was 1.0 dB (maximum =

2.3 dB) for grass-dominated sites and 1.2 dB
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Figure 4.1992 dry season backscattering coefficient

dependence on soil roughness of the Walnut

Gulch Experimental Watershed.
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(maximum = 2.4 dB) for shrub-dominated sites, that

is, about the same magnitude of c" variation

(- 2.5 dB) provoked by a h variation of - 1.6 cm, as

stated before.

However, when the wet season C-band SAR data

is compared with the RMS height measurements

(Figure 6), the best-fit relation was still an

exponential relation, although with a higher

dispersion of points (R2 = 0.59). The exponential

curve found for the dry season data was shifted up

by ~ 0.5 dB. As expected, the increase in the

backscattering coefficient was higher for sites having

low RMS heights (Aa° - 1 dB at h = 0.6 cm) than for

those with high RMS heights (Aa° - 0.4 dB at h =

1.75 cm).

The dispersion ofpoints was probably caused by

the non-uniform variation of soil moisture in the

watershed.The high natural spatial variability ofsoil

moisture is already well-known (Rao & Ulaby, 1977).
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Figure 6.1994 wet season backscatteringcoefficient

dependence on soil roughness of the Walnut

Gulch Experimental Watershed.

CONCLUSIONS

1. Dry season C-band SAR backscattering was

found to be correlated with soil roughness

measurements.An exponential correlation between

these two parameters was obtained, with R2 = 0.80

(a = 0.05), suggesting that C-band can be successfully

used to retrieve surface roughness from rocky soils

of semiarid regions.

2. Wet season C-band SAR data were also found

to be exponentially correlated with soil roughness,

although with a higher dispersion of points

(R2 = 0.59).
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3. Thus, soil roughness retrieval from wet season

C-band SAR data may be possible, but techniques to

minimize the effects ofsoil moisture need to be applied.

4. The exponential relationship between o° and
h measurements indicates that if the soil surface is

relatively smooth, accurate soil roughness

measurements are required because of the high
sensitivity of SAR data to the h variations, that is,

small variations in h can cause significant variations

ina°.
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