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Topographic information of sand dunes as extracted from shading effects

using Landsat images

N. Levina,*, E. Ben-Dora, A. Karnielib

aThe Department of Geography and Human Environment, Tel-Aviv University, P.O. Box 3904, Ramat Aviv, Tel Aviv 69978, Israel
bJ. Blaustein Institute for Desert Research, Ben Gurion University of the Negev, Sede Boker, Israel
Received 9 September 2003; received in revised form 8 December 2003; accepted 13 December 2003
Abstract

Topographic variations affect the reflectance properties of the Earth’s surface and are often removed in remote sensing studies,

especially when significant terrain variations exist. In this study, however, we show that shading effects assessed by Landsat can be treated

as a signal that stores important topographic information, especially when the spectral characteristics of a surface are homogenous. The

coastal transverse dunes of the Ashdod area, and the desert linear dunes of Nizzana (both located in Israel), were selected to investigate

the abovementioned idea. The dune heights in these areas are 10 m on average (relative to their surroundings) and have maximum slopes

of 33j. An innovative method for extracting slope, aspect, and height data for sand dunes using Landsat Thematic Mapper (TM) and

Enhanced Thematic Mapper Plus (ETM+) images was developed, based on the regularity and periodicity of dunes’ landscapes. Using two

Landsat images representing different sun zenith and azimuth angles, reflectance values of each image were converted to cos(i) values

(i = incident angle between the surface normal and the solar beam radiation), applying histogram matching methods. The slope and aspect

of each pixel were determined as those that give the best prediction of the observed value of cos(i). Height profiles were then extracted,

using simple trigonometric relationships. The accuracies of heights and slopes along selected profile lines were to the order of 1 m and 3j,
respectively (at a spatial resolution of 15 m). Best results were obtained when the images included one from the summer and the other

from the winter, corresponding to maximum difference in solar zenith and azimuth angles. Errors in heights were attributed to surface

heterogeneity (e.g., presence of biogenic soil crusts in the rainy season), geometric correction errors, cast shadows, and Bidirectional

Reflectance Distribution Function (BRDF) effects. Comparison to Advanced Thermal Emission and Reflection Radiometer (ASTER) 3D

information showed that the proposed method is better in representing the topographic variation of the area than the digital elevation

model (DEM) produced by ASTER.

D 2004 Elsevier Inc. All rights reserved.
Keywords: Landsat; Shape from shading; Sand dunes; Digital elevation models

1. Introduction (e.g., Gao et al., 1993). Topographic shading and cast
1.1. Shading effects in remote sensing

Environmental phenomena measured by electromagnetic

radiation can be treated either as noise or as a signal,

depending on the theme under study. For example, the

absorption of gases in the atmosphere can be seen either

as noise masking reflectance or as a signal that can be

processed to show the spatial distribution of these gases
0034-4257/$ - see front matter D 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.rse.2003.12.008
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shadows can introduce errors into accurate analysis of

satellite images since they mask significant spectral features

and hamper signal based mapping. Consequently they are

usually treated as noise that needs to be removed (Ekstrand,

1996; Shepherd & Dymond, 2002; Smith et al., 1980).

Nevertheless, shading also stores information about topo-

graphic characteristics (in our case, of sand dunes), and in

this sense, the noise becomes an important signal that

should be extracted and analyzed.

Digital elevation models (DEMs) are a digital repre-

sentation of topographic surfaces, containing only eleva-

tion data (Carter, 1988). The traditional methods to

measure heights and create DEMs are (Toutin, 2001):

(1) photo-clinometric methods (the use of information
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from either shadowing or shading; also termed photomet-

ric stereo or shape from shading); (2) photogrammetric

methods (using stereo pairs of aerial photographs, or

satellite images, e.g., SPOT or ASTER, Welch et al.,

1998); (3) radar (e.g., the shuttle radar topography mis-

sion; Rabus et al., 2003); (4) and laser altimeters (Rango

et al., 2000). As aerial photogrammetry and laser altim-

eters are expensive and not applicable over wide range

areas, remote sensing from satellite images may provide a

favorable solution.

Variation in the reflectance of the visible range has

been used to extract information on the mean slope of the

waves in the sea, using aerial photographs (Cox & Munk,

1954), laser (Shaw & Churnside, 1997), or satellite images

(Melsheimer & Kwoh, 2001). In the urban environment,

cast shadows were used in several studies to determine

building heights (Cheng & Thiel, 1995; Hartl & Cheng,

1995). Ichoku et al. (1996) took advantage of the spatial

behavior of shading on Landsat-TM images with respect

to channels and other topo-morphologic features in order

to detect drainage channel networks. Planetary remote

sensing used photoclinometry to determine the topography

of the moon, Mars (mostly in the polar regions) and other

planets since the 1960s (Bridges & Herkenhoff, 2002;

Fenton & Herkenhoff, 2000; Howard et al., 1982; Wildey,

1975). The only attempt, however, to the best of our

knowledge, to extract topographic information of the

Earth’s surface from optical satellite images based on their

shading effects, was that of Lodwik and Paine (1985).

They have empirically calibrated reflectance values (from

two images, with different sun elevations) to maximum

slope data assuming a linear relationship between the two,

over the Barnes icecap on Baffin Island (in an area

ranging between 2300 and 3300 ft above sea level). Using

this method they were able to extract a generalized DEM,

that corresponded more to a trend surface, than to detailed

contours. In addition, no quantitative assessment of the

accuracy of their method was given. A previous attempt to

quantify dunes’ topographic parameters from satellite

images was done by Qong (2000), that suggested a

method for estimating Root Mean Square (RMS) of a

dune’s slope and height from Synthetic Aperture Radar

(SAR) images.

Zhang et al. (1999) compare several algorithms that were

developed for the extraction of shape-from-shading (SFS)

on a single image (as generally applied by the photoclino-

metric studies of Mars) and conclude that existing SFS

techniques produce generally poor results with either syn-

thetic data or real images. One of their recommendations for

future research was to use multiple images where the light

source is moved—an approach that we will develop in the

following sections.

Determination of topography by passive remote sens-

ing was done mostly by multi-look angle platforms,

whereas the shade option was neglected. This is mostly

because shading over heterogeneous areas may be diffi-
cult to assess due to the varying albedo characteristics of

the landscape targets. Sand dunes are high albedo targets

that may be considered homogeneous. In this study, we

used sand dunes and treated their shading effects on

imagery as a signal, in order to develop a new method

of extracting topographic information from nadir viewing

platforms. Developing a method for extracting dune

attributes from optical satellite images can be of great

value for studying the movement of shifting dunes on

both regional and continental scales, and related environ-

mental hazards. In addition, dunes’ surface presents a

challenge different from that of icecaps, due to the

periodicity of the surface, and the smaller height range

of dunes’ surfaces.

1.2. Sand dunes—geomorphologic properties

Desert and coastal dunes cover about 10% of the land

area between latitudes 30jN and 30jS (Sarnthein, 1978).

Sand dunes areas are dynamic in nature, with the dunes

changing their location, length, or height, depending on

the dune type (Tsoar, 2001). An example of the speed

with which dunes’ topography changes can be given from

the coastal dunes of Ceara, Brazil, where barchan dunes

that reach heights of 50 m move at an average rate of

17.5 m/year (Jimenez et al., 1999).

Dunes span a height range from about 30 cm to over

300 m, but they are generally poorly mapped around the

world, due to their dynamic nature and their remoteness,

and their extent of area is usually known more accurately

than their height (Cooke et al., 1993). The main factors

that influence the shape of a dune are the wind regime,

sand supply, vegetation cover, and grain size. Linear

dunes are formed under bidirectional wind regimes, while

transverse dunes are formed under a unidirectional wind

regime and an ample supply of sand (Wasson & Hyde,

1983).

Vegetation cover on sand dunes depends on several

factors: wind speed and wind regime, rainfall, evaporation,

water table height, dust accumulation, and anthropogenic

disturbances (Pye & Tsoar, 1990; Tsoar & Illenberger,

1998). In areas with more than 100 mm/year of rainfall,

only strong wind energies, or significant anthropogenic

influences (such as grazing) can keep the dunes bare of

vegetation. An increase in vegetation cover can influence

the morphology of the dunes (Tsoar & Blumberg, 2002),

inhibits the movement of sand, and eventually stabilizes the

dunes.

Dune dynamics is an important indicator of desertifica-

tion processes that are influenced by both man and climate

change. Studies of dune surface stability, dune movement

rate or sand transport rate are usually based on field

measurements using iron rods (as in Kadmon & Leschner,

1995), topographic field surveys (as in Andrews et al.,

2002), or through the visual or digital identification of the

dunes’ location in successive years from aerial photo-
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graphs (e.g., Gay, 1999; Jimenez et al., 1999; Levin &

Ben-Dor, in press), and are therefore limited in their scope.

Once a DEM is constructed, various types of geomorpho-

logical analyses can be made, e.g., elevation change maps,

elevation profiles, volumetric change calculations, identifi-

cation of areas of erosion or deposition, etc. (Andrews et

al., 2002). Incorporation of the third dimension from

archived satellite images can therefore enhance our under-

standing of dune processes, and enable us to analyze larger

areas.

1.3. Sand dunes—spectral properties

Sand dunes present an ideal target for monitoring by

remote sensing methods, due to their remoteness and lack

of data. The reflectance spectra of sand dunes as received

on the sensor is dependent upon: (1) the characteristics of

the dunes and their surface; (2) the geometry between the

sun, the surface, and the sensor; and (3) atmospheric

attenuation. The reflectance spectrum of sand dunes is

influenced, in addition to vegetation cover, by their

mineralogy (Ben-Dor et al., 1999; White et al., 1997),

texture (Gerbermann & Neher, 1979), and presence of

biogenic soil crusts (Karnieli et al., 1999).

The reflectance of sand is also dependent upon Bidirec-

tional Reflectance Distribution Function (BRDF) effects

(Romanova, 1964). BRDF effects become important for

sand and crust surfaces especially at solar zenith angles

greater than 30j (Cierniewski & Karnieli, 2002). BRDF

effects are governed by the sun-object-sensor geometry, and

are characterized by two specific areas of minimum and

maximum reflectance (Pellikka et al., 2000). Where the

scattering angle (the angle between the target source (the

sun) and the target observer (the sensor) vectors) is zero, the

area generally appears brighter than the rest of the image, and

is therefore termed a ‘‘hotspot’’. At the largest scattering

angles, a dark area is found. BRDF effects are different than

shading effects. Although they also occur on horizontal

surfaces, they are more wavelength dependent and specific.

BRDF effects are stronger when the viewing angle of the

sensor is wider, and their importance is of second order (in

relation to shading effects) on nadir viewing sensors, such as

Landsat, or when the area analyzed is relatively small (i.e.,

the scattering angle between the sun and the sensor in the

area is constant).

Based on the previous review that summarized the

importance of dune morphology and shading effects, the

objectives of this study were:

n Study whether the relatively coarse spatial resolution of

Landsat images (between 15 and 120 m) enables the

characterization of desert and coastal dunes, according to

shading effects on the images;

n Study the shading effects on transverse and linear dunes,

as influenced by their orientation and the sun’s zenith and

azimuth angles;
n Develop and apply a method for extracting slope/aspect/

height information of sand dunes from shading effects as

seen on Landsat images;

n Determine the accuracy of the method when applied on

Landsat TM and ETM+ images, compared to height

profiles extracted from photogrammetrically derived

DEMs over sand dunes.
2. Materials and methods

2.1. Research area

Two research areas were selected at the center and the

south of Israel (Fig. 1), each representing a different kind of

sand dune:

1. Coastal sand dunes south of the city of Ashdod,

Israel (area A in Fig. 1). These are barchan and

transverse dunes, shaped by the strong southwesterly

winter winds. These dunes are in general going

through a process of stabilization (since 1948) and

morphological change from transverse to parabolic

dunes (Levin & Ben-Dor, in press; Tsoar & Blumberg,

2002).

2. Desert linear dunes of the Negev (near Nizzana), on

both sides of the Israel–Egypt border (area B in Fig.

1). The dunes in this area are shaped by a

bidirectional wind regime, alternating between south-

westerly winds and northwesterly winds. The utiliza-

tion of the desert’s resources in this area, and the

resulting changes in the dunes’ landscape were shown

in the literature of the past two decades to be de-

pendent upon the geopolitical situation, and the

accessibility of the area to the Bedouin population

(e.g., Tsoar & Møller, 1986). The influence of human

settlement, and particularly sheep herding, upon the

dunes in this area, through trampling, collection of dry

vegetation and grazing, have transformed those dunes

from semi-stabilized and vegetated linear shape to a much

more dynamic braided and seif shape. When the pressure

of nomadic population decreases, the dunes start to

stabilize.

The spatial and morphometric characteristics of these

dunes are summarized in Table 1. From this table, it is

postulated that significant differences between the two dune

types emerge. While the height characteristics of the dune

areas are quite similar (average height of 10.5 m, standard

deviation of about 4 m), the average and variance of the

slope values are greater in the linear dunes of Nizzana. In

addition, the linear dunes of Nizzana present two slip faces

(alternating between N and S) and these comprise 41.6% of

the dunes’ area, while those of Ashdod have only one slip

face (generally facing NE) comprising only 13.1% of their

respective area.



Fig. 1. Location map of the research area (projection UTM 36N), presented over a false color composite image of Landsat 7 ETM+ image (bands 7, 4, 2), from

August 7, 1999.
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2.2. Landsat imagery

Six Landsat images were selected for this study in order

to represent two generations of Landsat sensors, and to

study the influence of the time of year on the shading

effects. Table 2 provides the details of the images used.

The spectral, spatial, and temporal characteristics of the

Thematic Mapper (TM) sensor onboard Landsat 5, and the

Enhanced Thematic Mapper Plus (ETM+) sensor placed

onboard Landsat 7, are quite similar (Masek et al., 2001;

Teillet et al., 2001). The main improvements of the ETM+

over the TM are in the improved resolution of the thermal

band, the supplement of a panchromatic band, and the

availability of two calibration modes from radiances into

DN; the low and high gain modes are selected according to

the time of year (the sun’s position) and the average albedo

of the Landsat scene. All Landsat images were converted

from DN to radiance values, and then corrected atmospher-

ically using the MODTRAN 3 radiative transfer model

(Abreu & Anderson, 1996). Satellite images over the

Ashdod dunes were geo-rectified to Israel Transverse Mer-

cator (ITM) coordinate system (Mugnier, 2000) using 10–

20 ground control points (GCP’s) located on an orthophoto,

using the triangulation method available in Envi 3.4 pack-

age (Research Systems, 2001). Satellite images over the
Nizzana dunes were left in UTM coordinate system (as they

were received), and the DEM was converted from ITM to

UTM using standard projection tools.

2.3. High resolution DEMs of the dunes areas

As the average height of the dunes is about 10 m, the

Survey of Israel DEMs constructed from 1:50,000 maps is

unsatisfactory, as it is based on 10-m contours (Hall et al.,

1999). For our work, we used detailed DEMs created by

photogrammetric methods from aerial photographs. The

DEMs were created from detailed contours (vertical spac-

ing of 0.5 m) that were measured photogrammetrically.

The data from the contours were converted into a DEM

using the triangulation method described by Zhu et al.

(2001), as implemented in the Idrisi software (Eastman,

2001).

2.4. ASTER DEM data

The Advanced Thermal Emission and Reflection Ra-

diometer (ASTER) sensor, onboard the EOS-AM1 plat-

form, acquires along-track stereo data for topographic

mapping, at 15 m resolution, with a base-to-height (B/

H) ratio of 0.6 (Welch et al., 1998). With the above B/H



Table 1

Main characteristics of the dunes investigated

Ashdod, Israel’s

coastal plain

Nizzana, Negev

desert

Landsat path/row path 174, row 038 path 174, row 039

Location 34j65VE, 31j77VN 34j37VE, 30j94VN
Elevation above sea

level (m)

0–50 150–250

Average yearly

rainfall (mm)

485 90

Perennial vegetation

cover, late 1990s

(%)

25 14

Dune type transverse/parabolic longitudinal/seif

Mean and standard

deviation of

height (m)

l= 10.7, r= 4.3 l = 10.2, r= 4.0

k (m) 300 150–200

Mean and standard

deviation of

slope (deg)

l= 4.7, r= 2.9 l = 6.1, r = 5.0

Orientation of the

crest line of

the dunes

NW–SE West–East

% area of flat places 0.0 13.9

% area of N

facing slopes

11.2 22.6

% area of NE

facing slopes

13.1 6.5

% area of E

facing slopes

11.0 4.1

% area of SE

facing slopes

8.6 7.6

% area of S

facing slopes

10.0 19.0

% area of SW

facing slopes

14.4 8.1

% area of W

facing slopes

20.5 7.3

% area of NW

facing slopes

11.2 10.9
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ratio and correlations to within F 0.5 to F 1.0 pixel, the

error of a single (relative) height measurement for AS-

TER was originally (prelaunch) expected to be between

F 12 and F 25 m (Welch et al., 1998). Evaluations of

vertical accuracy resulting from stereocorrelation indicated

that RMSEz values of approximately F 7 to F 15 can be

expected with images of good quality and adequate

ground control (Hirano et al., 2003). Although the AS-

TER DEM was not expected to be detailed enough in the

case of the Israeli dunes, it is able to give a base height

(meters above sea level), while in other dune fields of the
Table 2

Time of year, and sun zenith and azimuth angles for the six Landsat images sele

Sensor TM TM TM

Date 8-8-1985 18-1-1987 7-12-19

Solar zenith 34.2 62.4 61.8

Sun azimuth 108.6 142.6 148.1
world, where the dunes are higher, it may be more

relevant.

ASTER DEM data available on the web (http://edcdaac.

usgs.gov/gov/) that corresponded to the study areas, was

found only for the Ashdod dunes. The Local Granule ID of

the image used was: ASTER_DEM20020610100628.hdf.
3. Theory and methods: shading effects on sand dunes

3.1. Solar radiation models

According to Dubayah and Rich (1995, p. 406) ‘‘There

are three sources of illumination on a slope:

n Direct irradiance, which is strongly influenced by illu-

mination angle, and includes self-shadowing by the slope

itself and shadows cast by nearby terrain;

n Diffuse sky irradiance, where a portion of the overlying

hemisphere may be obstructed by nearby terrain;

n Direct and diffuse irradiance reflected by nearby terrain

towards the point of interest.’’

Shading can be modeled to a first degree as a function of

how directly the sun’s rays are incident upon the slope, that

is, a function of cos(i) (Ekstrand, 1996, p. 152):

cosðiÞ ¼ cosðeÞcosðzÞ þ sinðeÞsinðzÞcosð/s � /nÞ ð1Þ

where i = incident angle between the surface normal and the

solar beam, e = surface normal zenith angle or terrain slope,

z = solar zenith angle, /s = solar azimuth angle, and /n =

surface aspect of the slope angle.

To determine whether a point is in shadow, the zenith

angle to the horizon should be calculated and compared

with the solar zenith and azimuth angles. In sand dunes,

the maximum angle of slope (the angle of repose) is 33j
(Bagnold, 1954). This angle is reached in the slip face of

active sand dunes, and beyond it dry sand is unstable. In

three of the Landsat images used, the solar zenith angle

was less than 57j (i.e., sun elevation greater than 33j)
and thus no shadowing was expected. In the other

Landsat images that were used (January 1987, December

1994 and January 2001), we estimated that there were

only small shadowing effects, based on solar zenith

angles between 58j and 62j. For our analysis, we

presumed that under clear sky conditions, spatial vari-

ability in radiation is dominated by the illumination
cted for the research

ETM+ ETM+ ETM+

94 7-8-1999 14-1-2000 21-5-2000

28.6 58.6 24.6

116.6 151.6 112.5

 http:\\www.edcdaac.usgs.gov\gov\ 
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angle, so the diffuse sky irradiance can be neglected

(Dubayah & Rich, 1995).

3.2. Factors affecting shading on dunes

On bare sand dune areas (active dunes with dry sand and

almost no vegetation cover) several factors determine the

shading effects observed by a sensor:

n The zenith and azimuth angles of the sun. The greater the

sun’s zenith angle, and the more its azimuth angle is

perpendicular to the crest of the dune, the greater are the

shading effects. As Landsat is a sun-synchronous
Fig. 2. (a) Transverse dunes of Ashdod (band 4 of Landsat 5 TM image, 8-8-1985)

to cos(i) values. Relative elevations were calculated along profile lines A and B

January 14, 2000). The white rectangle marks the area used for the calibration

profile lines 1 and 2.
satellite, the time of year (and not the time of day) is

the main factor determining the position of the sun with

respect to the ground, and hence the shading. Thus, in the

northern hemisphere, we expected shading to be more

evident in winter (November–February) than in summer

(May–August).

n The orientation of the dunes with respect to the sun

direction. We expected those parts of a dune where the

slope is steep (at the slip face) to exhibit the greatest

shading effects. Thus, when the incident angle (i)

between the slip face and the radiation source is either

0j or 180j we expected to have the most pronounced

shading effects. This supposition was confirmed by
. The white rectangle marks the area used for the calibration of reflectances

. (b) Linear dunes of Nizzana (Panchromatic band of Landsat 7 ETM+,

of reflectances to cos(i) values. Relative elevations were calculated along



Fig. 3. Empirical calibration functions derived for the Ashdod 1985 and

1987 scenes, from reflectance values to cos(i) values, as derived by

histogram matching techniques.
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Blumberg (1998, p. 10) using SAR images, where for

linear dunes ‘‘a look direction that is parallel to the

crest line decreases the visibility of the dunes’’. He

reported however that for transverse dunes, a look

direction parallel to the mean crest line is optimal for

showing the dunes and inter-dune regions.

n The topographic structure of the dune. Active sand dunes

will have slip faces with angles of 33j. When dunes are

stabilizing, as is the case along the coast of Israel (Tsoar

& Blumberg, 2002) slip faces will be less pronounced

and be covered with more vegetation, and thus, with time

fewer shading effects will be evident, due to an increase

in mixed vegetation-shading signal.

The magnitude of observed shading effects can be

calculated from the variance of reflectances observed in

an area. Expected shading effects for a given time of day

and year can be calculated using a DEM (see Section

4.1), using Eq. (1), where the variance in cos(i) gives the

shading effect. In addition, calculated cos(i) values can be

compared with the reflectance values observed in the

Landsat images, for each of its spectral bands, in order

to evaluate which bands are best for extracting topo-

graphic information (see Section 4.2). Correlation coeffi-

cient values between cos(i) and reflectances depend upon

the homogeneity of the dunes’ surface (therefore those

parts of the dunes with no vegetation cover were ana-

lyzed), accuracy of the geometric correction and of the

DEM, and the dynamic range of reflectances and cos(i)

values.

3.3. Extracting dune slope and aspect from topographic

effects

Eq. (1) presents the shading effect as dependent on the

sun’s position (zenith and azimuth angles) with respect to

the surface and the topography of the surface itself (slope

and aspect). Given two images taken at different times

(sun’s position known), close enough in time so that no

significant changes in the topography or the land cover

emerge, they can be used as a database, from which the

slope and the aspect of the surface can be extracted from the

reflectance values of the images. This is based on the idea

that variation in the reflectance of the dunes’ surface is only

governed by the shading effects.

Accordingly, the proposed method, which was developed

to account for the slope and aspect information, is applicable

only within areas of uniform land cover, and thus, is feasible

only for dry sand dunes that are bare of vegetation, and have

no biogenic soil crusts. This is because all these factors can

change the reflectance of the dune significantly and create a

bias.

3.3.1. The proposed method

The problem presented here is actually solving for the

values of two variables from two equations. As it is not
possible to isolate either the slope or the aspect variables

from Eq. (1), the following method is proposed:

n For each pixel, a lookup table consisting of 192 possible

combinations of slope and aspect were calculated (12

values of slope between 0j and 33j with intervals of 3j,
16 values of aspect between 0j and 337.5j with intervals

of 22.5j). Cos(i) values were calculated for all these

combinations.

n Cos(i) values were estimated from the reflectance values

in the images (see Section 3.3.2).

n For each of the 192 combinations, the difference between

the actual value of cos(i) in the image, and the lookup

table cos(i) was checked:

Differencej ¼ abs½cosðiÞj;date�a � cosðiÞdate�a�

þ abs½cosðiÞj;date�b � cosðiÞdate�b� ð2Þ

where j = 1�192 combinations, date-a = image from time

a, date-b = image from time b, abs = absolute difference.

n Each pixel is assigned to those slope and aspect values

that give the smallest difference between the calculated

and actual cos(i) values.

The method proposed assumes lambertian reflectance

and no cast shadows.

3.3.2. Calibration of observed reflectance values to cos(i)

values

In order to apply the proposed method, reflectance values

of the images need to be calibrated to cos(i) values. While

photoclinometric studies of Mars are based on visually



Fig. 4. Extraction of relative elevations (h) along a profile line from images

of maximum slope (a) and aspect. The angle / is the difference between the

profile line azimuth and the azimuth of the surface. The gray arrow

represents the direction of the profile line, the side l of the triangle

represents the size of a pixel along the profile line, and the angle b stands

for the slope along the profile line.

Fig. 5. Influence of the sun’s azimuth angle and the dune’s orientation on the sim

Nizzana and the transverse dunes of Ashdod. Cos(i) values of all four images were

sun azimuth angle in December 22nd.
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identifying flat areas in the image (e.g., in Fenton &

Herkenhoff, 2000), we propose a method that is based on

the regularity of dunes’ landscapes. The proposed empirical

calibration method is based on the availability of a DEM of

the same dune type, rotated and stretched so it will have the

same characteristics of the area under study (that is: dunes’

orientation, height, spacing etc.). The calibration steps are as

follows:

n Atmospheric correction is performed for all images.

n The area with less than 5% vegetation cover is extracted

using Normalized Difference Vegetation Index (NDVI)

(Eastman, 2001) values, as a reference.

n The distribution of reflectance values over the bare area

is calculated for each of the images, over selected areas

(shown as white rectangles in Fig. 2a and b).

n A DEM with similar dune characteristics is used to

calculate cos(i) values for the time of the two images. For

this purpose, it is enough to have a detailed DEM for a

small test area (established by photogrammetry or laser

altimetry) of sand dunes with similar characteristics.

n The distribution of cos(i) values is calculated for the two

dates.

n A histogram matching is performed between reflectance

values and cos(i) values.
ulated shading effects (for the month of December), on the linear dunes of

linearly stretched between the values of 0.25–0.75. The arrow presents the
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The area selected for calibrating the reflectance values to

cos(i) values in the dunes of Ashdod covers 2.25 km2

(f 25% of the area of the dunes analyzed), presented in

white in Fig. 2a. This area may be used for the calibration of

reflectance to cos(i) on transverse coastal dunes, typical

along many coastal areas worldwide. The area used for the

same calibration over the dunes of Nizzana covers an area

1.05 km2 (f 10% of the Egyptian side of the area, orf 5%

of the total area of the dunes analyzed), and is presented in

Fig. 2b. This area may be used for the calibration of

reflectance to cos(i) on linear dunes, typical to many desert

areas in the world.

From Fig. 3 (calibration functions of the two Landsat

TM images, over the Ashdod dunes) it can be seen that the

calibration functions are nonlinear, hence using linear

correlation functions to calibrate from reflectance values

to cos(i) is not appropriate (as presumed by Lodwick &

Paine, 1985), and empirical calibration functions should be

used.
Fig. 6. Standard deviation of cos(i) values, as a factor of the time of year, and the or

angle). (a) Transverse dunes of Ashdod (dune’s crest line azimuth: 135j). (b) Lin
3.4. Extraction of elevations from slope and aspect maps

along profile lines

The slope and aspect maps derived by the proposed

method present the maximum slope (a) and its orientation

relative to north. In order to calculate the relative heights

along a profile line from those values of slope and aspect,

one needs to extract from the maximum slope a in a pixel,

the slope b in the direction of the profile line. Fig. 4

describes the problem geometrically, and the following

equations describe the relations between angles a, b, and
/, mathematically.

l ¼ h*tana=cos/ ð3Þ

tanb ¼ tana=cos/ ð4Þ

where l = length of pixel along the profile line, h = height

difference between adjacent pixels along the profile line,
ientation of the dune’s crest line relative to the look direction (sun’s azimuth

ear dunes of Nizzana (dune’s crest line azimuth: 0j).
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a =maximum slope angle, b = slope in the direction of the

profile line, / = difference between the aspect angle of the

maximum slope and the azimuth of the profile line.
4. Results

4.1. Simulating topographic effects on dunes in Landsat

images

Shading effects were simulated using detailed DEMs of

Ashdod and Nizzana dunes (described previously in Sec-

tion 2.3) in order to study the influence of two of the

factors mentioned above: the time of the year and the

dune’s orientation. The DEMs were resampled to a spatial

resolution of 30 m to match the TM spatial resolution, and

rotated by 45j increments, so that eight DEMs were

created representing transverse dunes (Ashdod) and linear
Fig. 7. Correlation coefficient values between cos(i) in December, and cos(i) in the

azimuth: 135j). (b) Linear dunes of Nizzana (dune’s crest line azimuth: 0j).
dunes (Nizzana), with orientations of 0j, 45j, 90j, 135j,
180j, 225j, 270j, and 315j. Shading was simulated on

these DEMs by calculating cos(i) values for the 22nd of

each month (thus representing the winter and summer

solstice, and the fall and spring equinox) at the time of

day corresponding to the overpass of Landsat TM (10:00

am). All in all, 96 simulated cos(i) images (8 ori-

entations� 12 months) were created for each of the dune

fields (Fig. 5).

The amount of the simulated shading (estimated by

calculating the standard deviation of cos(i) values, over

the DEM of those sand dunes) is presented in Fig. 6a (for

the transverse dunes of Ashdod) and in Fig. 6b (for the

linear dunes of Nizzana). As the overall distribution of the

aspect (orientation of the surface relative to the north) is

more uniform on the transverse dunes of Ashdod (Table

1), the general trend is similar in the different months of

the year, with shading effects greater in winter than in
other months of the year. (a) Transverse dunes of Ashdod (dune’s crest line



Fig. 8. Comparison of simulated shading (cos(i)) and reflectances as

measured by Landsat TM/ETM+ band 4, on the transverse dunes of

Ashdod. Note the correlation between the pairs of images.
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summer (Fig. 6a). The favorable orientation of the dune’s

crest line for achieving maximum shading effects in

wintertime is at angles orthogonal (90j and 270j) to

the dune’s crest line (in contrast to the findings of

Blumberg, 1998 that were based on visual interpretation

of SAR images).

The spatial pattern of the linear dunes of Nizzana is

much more regular, with aspect values distributed less

evenly (as seen in Table 1 and in the greater range of

values in Fig. 6b relative to Fig. 6a). The general trend of

standard deviation of cos(i) values for linear dunes (Fig.

6b) exhibits greater differences between the different

orientations. The greatest shading effects are expected

when the sun’s azimuth angle is perpendicular to the

dune’s crest line orientation (at 90j and 270j), the max-

imum values achieved at wintertime. However, for some

orientations (45j and 225j) there are no differences

between the months of the year.

When comparing the shading effects on linear (Nizzana)

and transverse (Ashdod) dunes, it appears from Fig. 6a and

b that they will be more pronounced on linear dunes (as

the standard deviation of cos(i) is higher in Fig. 6b). This

may be explained by the higher average and standard

deviation of the slope (Table 1) in the linear dunes of

Nizzana. This is due to the fact that the active slip face of

linear dunes shifts (in the case of the Nizzana dunes,

between the northern and the southern sides) in the

different seasons in response to the alternation between

the two main wind directions (Tsoar & Møller, 1986),

while in the transverse dunes of Ashdod the aspect of the

slip face is stable throughout the year.

Fig. 7a and b present the correlation coefficients be-

tween cos(i) values in December and cos(i) values in the

other months of the year. The general pattern emerging is

as expected, with minimum correlation occurring between

the summer and winter months in both locations. We

hypothesize that for the extraction of topographic informa-

tion from reflectances, the best results will be achieved

when using those bands with high correlation to cos(i)

values, and when combining pairs of images with the least

correlation between them. Accordingly, the most recom-

mended months to derive topography will be a combina-

tion of a wintertime image (highest correlation with cos(i)

values) and a summertime image (least correlated with the

wintertime image).

4.2. Correlation between Landsat bands and simulated

shading effects

4.2.1. Ashdod transverse dunes

Fig. 8 presents the images of cos(i) and band 4 (band 4

was chosen as it is less affected by atmospheric scattering,

and because the dynamic range of the sand reflectance

is higher in the NIR than in the VIS) of the Landsat 5

TM from August 1985, January 1987, December 1994 and

of Landsat 7 ETM+ from August 1999. As observed on
the Landsat 5 TM images of 1985, 1987 and 1994, and on

the Landsat 7 ETM+ image of January 2000 (not shown)

the shading effects clearly reveal the morphology of the

dunes. However, on the Landsat 7 ETM+ images of



Fig. 9. Correlation coefficients between cos(i) values and reflectances on Landsat 5 TM and Landsat 7 ETM+ bands, over the eastern part of the Ashdod dunes.

The thermal band of Landsat 5 was not analyzed due to its poor resolution (120 m).
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summer 1999 and spring 2000 (not shown) no shading

effects were evident.

To examine this observation quantitatively, Fig. 9

presents the correlation coefficients between the calculated
Fig. 10. Correlation coefficients between cos(i) values and reflectances on Lands

dunes, for the months of January, May and August. (b) For the month of January 2

Egyptian side of the border, (3) Egyptian side of the border with the crusted area
cos(i) values and the Landsat reflectance values (in the areas

with less than 5% vegetation cover—an area containing

more than 15,000 pixels) for all the bands over the entire

span of years, for the Ashdod dunes.
at 7 ETM+ bands, over the Nizzana dunes. (a) Israeli side of the Nizzana

000, with the following regions of interest: (1) Israeli side of the border, (2)

s filtered out.
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From Fig. 9 several observations can be made:

n Correlation between the shading and the topographic

effects is higher in the winter than in the summer, as

expected.

n The low correlation between cos(i) and ETM+ band 6

(of January 2000) is probably due to cirrus clouds,

barely apparent in the visible bands, but masking the

dunes in the thermal band (band 6).

n No correlation was found between cos(i) and reflectance

values in the images of August 1999 and May 2000,

over the entire range of bands. However, correlation was
Fig. 11. (a) Landsat 5 TM image band 4, August 1985, Ashdod dunes. (b) Landsat

from the above Landsat images. (d) Slope map derived from the above Landsat i
found on the other Landsat 7 ETM+ image, of January

2000. As the radiometric performance of the ETM+ is

supposed to be similar to the TM (Masek et al., 2001),

our explanation for the lack of correlation in the images

of summer 1999 and spring 2000 is related to the

stabilization process of the Israeli coastal dunes that

accelerated during the 1990s (Tsoar & Blumberg, 2002).

As dunes stabilize, vegetation cover increases and the

dune’s topography changes, therefore of those Landsat 7

ETM+ images used, only the 2000 winter image (when

the sun is lower) was still able to discern the dune’s

shape.
5 TM image band 4, January 1987, Ashdod dunes. (c) Aspect map derived

mages.
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4.2.2. Nizzana linear dunes

Fig. 10a presents the correlation coefficients between

cos(i) values and Landsat reflectance values found over the

Nizzana dunes. A distinction was made between the Israeli

side of the border (where the dunes are stabilized, vegetation

cover is higher, and the inter-dune areas and the slopes are

covered by biogenic soil crusts, Fig. 1) and the Egyptian

side of the border (where the dunes are active). Furthermore,

in Fig. 10b we compare the correlation coefficients obtained

when the region of interest (on the Egyptian side of the

border) included or excluded areas with biogenic soil crust

(which is quite sparse in the Egyptian side; these areas were

N. Levin et al. / Remote Sensing
Fig. 12. Slope (a) and aspect (b) maps of the Egyptian side of the Nizzana dunes

January 2000.
marked out from the analysis using the Crust Index (CI)

developed by Karnieli, 1997).

The main observations from Fig. 10a and b are as

follows:

	 In general, correlation coefficients between cos(i) values

and reflectances are higher in wintertime.
	 The correlation of the thermal band of the ETM+ is

usually higher than that of the optical bands, although its

spatial resolution is coarser (60 m vs. 30 m).
	 The correlation of the panchromatic band is the highest,

probably due to its finer spatial resolution (15 m).
, derived from Landsat 7 ETM+ panchromatic images of August 1999 and
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	 Correlation coefficients are influenced by the homoge-

neity of the sand dune’s surface. On the Israeli side of the

border, where vegetation cover and crust development

are greater than on the Egyptian side, correlation

coefficient values are lower. On the Egyptian side of

the border, correlation coefficients improve when

focusing on areas of bare sand and where there is no

biogenic soil crust cover.

4.3. Topographic information extracted from Landsat

images

The method developed in Section 3 was applied to the

Landsat TM images of August 1985 and January 1987, for

the eastern part of the Ashdod sand dunes that are relatively

bare of vegetation. The two images were rectified to the

Israel Transverse Mercator coordinate system using the

triangulation method, to a spatial resolution of 15 m. Band

4 of the TM was used for that purpose, for the same reasons

given in Section 4.2.1. Landsat 7 ETM+ panchromatic

images from 1999–2000 were not used, as explained in

Section 4.2.1.
Fig. 13. Transverse dunes of Ashdod. (a) Heights calculated along
Over the linear dunes of Nizzana, the panchromatic band

of Landsat 7 ETM+ was used to derive the slope and aspect

images. This band was used as it presented the highest

correlation coefficients and has the finest spatial resolution.

In addition, three temporal combinations were examined

(August 1999–January 2000, August 1999–May 2000, and

January 2000–May 2000), in order to examine the stability

of the method and the best temporal combination for the

extraction of topographic information. Our hypothesis was

that the best results would be achieved if a winter and a

summer image would be used as a pair based on the two

extremes they represent.

The Landsat 5 TM images that were used for the above

calculation (for the Ashdod dunes) and their resulting slope

and aspect maps are given in Fig. 11. In the northeastern part

of the area shown, where vegetation cover is minimal, the

structure of transverse dunes is extracted and clearly seen.

The extracted DEM includes dunes that are beyond the

extent of the available DEM (as during the time when the

Landsat images were acquired, these dunes were not built

over yet by the development of the city of Ashdod) and

beyond the area used for calibrating from reflectance to
profile line A. (b) Heights calculated along profile line B.
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cos(i). Slope and aspect maps were calculated also for the

linear dunes of Nizzana (Fig. 12).

To examine the reliability of these results, the slope,

aspect and height values were measured along two profile

lines from west to east along the Ashdod dunes, and from

south to north along the Nizzana dunes. The profile lines

were aligned normally to the orientation of the dunes’ slip

faces, in order to achieve the best estimates of the slopes, as

was done in similar studies (e.g., Bridges & Herkenhoff,

2002; Fenton & Herkenhoff, 2000). These profile lines and

their positions are shown in Fig. 2a and b.

Over each profile, the slope, aspect and height were

measured from available detailed DEM information (men-

tioned in Section 2.3) which was used as a reference, and for

the Ashdod dunes also from the ASTER DEM data. Slope

and aspect were also extracted along the profile lines from

the Landsat images, and relative elevations were calculated

from these in the method described in Section 3.4.

Fig 13a and b present the extracted heights along the

profile lines of Ashdod (A and B). From these figures, it can

be clearly seen that the DEM produced by ASTER is

inadequate in mapping dune areas (where the dunes heights

are about 10 m). However, the height profiles extracted from

the Landsat TM images follow closely those extracted from

the detailed DEMs. A quantitative analysis (Table 3) reveals

high correspondence between DEM elevations and those

extracted from Landsat images: R = 0.63 for profile A,

R = 0.88 for profile B, and that the average absolute differ-

ences between height changes along profile lines of both

DEMs are only 0.9 m.

In Fig. 14a and b, the extracted heights along the profile

lines of Nizzana are presented, calculated from three com-

binations of Landsat 7 ETM+ images: (1) August 1999–

January 2000, (2) August 1999–May 2000, and (3) January

2000–May 2000. Table 3 presents a quantitative analysis of
Table 3

Accuracy of elevations and slopes extracted from Landsat 7 ETM+ images over

images over the dunes of Ashdod along profile lines A and B, compared with th

Study area Nizzana

Sensor used Landsat 7 ETM+ panchromatic ban

Length of profile lines Line 1: 1560 m, Line 2: 830 m

Landsat images used Aug 1999 and

Jan 2000

Jan 2000 and

May 2000

Profile line 1 2 1 2

Comparison with R 0.86 0.74 0.81 0

DEM elevations Average

absolute

difference

4.7 4.6 8.2 4

Comparison with R 0.67 0.76 0.63 0

changes in DEM

elevations along

profile lines

Average

absolute

difference

1.1 1.0 1.2 1

Comparison with R 0.59 0.48 0.46 0

DEM slopes

(along profile line)

Average

absolute

difference

2.9 3.3 3.6 1
the profiles along the Nizzana dunes; as the elevation errors

accumulate along the profile lines, the average absolute

difference is much smaller for changes in heights along a

profile line, than for the elevations themselves. From Table

3 and from a careful observation of Fig. 14a and b, it is clear

that the worst results were obtained using the August 1999–

May 2000 combination (lowest R values), and the best

results using the August 1999–January 2000 combination

(highest R values and lowest differences of elevation).

Based on these results, our previous hypothesis that using

a combination of a winter image with a summer image was

confirmed. The average absolute errors of the slope (Table

3) were about 3j (for the combinations of winter and

summer images), which is similar to the slope intervals

defined in our lookup table for calculating slope values from

reflectances (Section 3.3.1). These errors can be reduced by

applying smaller intervals than those used by us for iden-

tifying the slope and aspect.

One of the causes for errors in our method, evident in the

Nizzana dunes, was due to the heterogeneity of the surface.

Shortly after the first effective rainfall, a peak in the

photosynthetic activity of the biogenic soil crust takes place,

more or less around January (Schmidt & Karnieli, 2002).

During the winter of 2000, only 4.8 mm of rain accumulated

until January 14th (the date of one of the images used).

However, apparently even this meager amount of rainfall

was sufficient for the influence of the crust on topographic

information extraction from Landsat images of August 1999

and January 2000 to be seen in Fig. 15. On the right hand

side of the figure, it can be seen that the heights extracted

from the Landsat images deviate from those of the detailed

DEM. In this same place (around the distance of 800 m), the

values of the crust index increase, and as the homogeneity

of the surface is damaged, the elevations extracted become

less reliable.
the dunes of Nizzana along profile lines 1 and 2, and from Landsat 5 TM

e data extracted from detailed DEM

Ashdod

d (15 m resolution) Landsat 5 TM band 4 (30 m resolution)

Line A: 720 m, line B: 460 m

Aug 1999 and

May 2000

August 1985 and January 1987

1 2 A B

.77 0.14 0.35 0.63 0.88

.6 8.8 13.3 2.2 3.1

.75 0.00 0.00 0.44 0.74

.1 2.5 2.8 0.9 0.9

.46 0.00 0.14 0.45 0.73

.3 5.9 7.6 3.6 3.4



Fig. 14. Linear dunes of Nizzana. (a) Heights calculated along profile line 1. (b) Heights calculated along profile line 2.
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4.4. Discussion

The study of sand dune areas is challenging, as not only

does the land cover (vegetation, biogenic soil crusts, human

uses) vary in space and time, the topographic features of the

landscape may change over short time spans of several years

or even months! Measuring these dynamics is essential to

the understanding of these areas.

The method proposed in this study treats what is

usually considered as unwanted additional variability in

satellite images (the topographic effects) as a signal, and

estimates the slope and aspect of the dune terrain, using

two Landsat images taken at different times of the year.

The photometric stereo method developed here requires,

in addition to a pair of satellite images taken at different

sun angles, knowledge of the dune type studied and a

sample DEM of such a dune. In general, it is possible to

create such information as a library for further utilization.
Calibration of reflectances to cos(i) values is then possi-

ble to extract slope and aspect parameters of each pixel,

by searching the best fit between cos(i) observed values

and those resulting from all possible combinations of

slope and aspect angles. With a spatial resolution 10

times higher (15 m in ETM+ band 8, and 30 m in the

other optic bands) than that of the dune’s spacing (150–

300 m), subtle topographic features of sand dunes could

be extracted, reaching an average accuracy of 3j in the

estimation of slopes. Calculated relative elevations along

selected profile lines, yielded highly accurate results, to

the order of 1 m (for pixels the size of 15 m) that is 1/10

of the average dune height. These accuracies were

obtained in two areas of sand dunes, each having

different characteristics: one of transverse coastal dunes,

and the other of linear desert dunes. This method can

thus be substituted for ASTER DEM in areas of sand

dunes, where the ASTER accuracy (between F 7 and



Fig. 15. Linear dunes of Nizzana: heights and crust index values calculated along profile line 2.
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F 15 m) is not satisfactory. Best results were obtained for

a combination of a winter and a summer image, offering

maximum difference of sun position with respect to the

surface. In addition, orientation of the dunes at an angle

normal to the sun azimuth enhances shading effects, and

is thus favorable for the success of shape from shading

algorithms.

In spite of the good results that were obtained by the

proposed method and its ease of use, we can identify several

limitations, as follows:

(a) The method can be applied only to homogenous

surfaces (i.e., dunes, snow, glaciers), where differences

in the reflectance are the result of shading effects (i.e.,

no vegetation, crust or rocks are present).

(b) In order to calculate slope and aspect images from

satellite images, over large areas, BRDF effects should

be dealt with prior to the processing of the images.

(c) Dune sand is a high albedo target, and in spite of the

dynamic range improvements of Landsat-7 ETM+ over

Landsat-5 TM, images may still suffer from saturation

problems. As Karnieli et al. (2002) noted, Landsat 7

images taken over light targets in Israel suffered

occasionally from saturation (especially band 3), prior

to the correction of the gain modes in July 2001.

(d) One of the major limitations of applying the proposed

method is in the need to have some DEM information

for the proper sand dune type in question, to calibrate

reflectances into cos(i) values. In this regard, Breed and

Grow (1979) used satellite images of uniform

1:1,000,000 scale and worldwide coverage as a base

for quantitative and qualitative studies of large-scale

eolian landforms. They were able to discriminate

(visually) between the following dune types: linear,

crescentic, star, parabolic and dome-shaped. They have

also measured the dunes’ length, width (or diameter)
and wavelength (spacing). Among their findings is that

‘‘patterns made by dunes of the same type are similar,

despite their occurrence in widely distant sand seas,

because the relationships of mean length, width (or

diameter), and wavelength are similar among dunes of

each type, regardless of differences in size, form, or

geographic location’’.

Based on the findings of Breed and Grow (1979), we

suggest creating a DEM library (lookup table) for dunes. In

this library, there will be a collection of high-resolution

DEMs for the different dune types-barchan, parabolic,

transverse, linear, star, and so on. For each dune type,

several parameters will be recorded, such as the dune’s

mean length, width, spacing, orientation, and height. To

apply these sample DEMs in order to predict the expected

shading on a given sand dune’s area, the DEM will be

chosen according to the dune type and then rotated and

stretched to fit the actual orientation and spacing (that can be

visually estimated). These steps will enable the calibration

of reflectance values to cos(i) and the calculation of sand

dune characteristics for sand dunes all over the world with

minor efforts, based on a few high-resolution measurements,

using the proposed method.

Photometric stereo methods for the extraction of topo-

graphic information have several important advantages, for

example: (1) DEM with a high spatial resolution (the spatial

resolution of the sensor); (2) the extraction of topographic

information from satellite images acquired by early Landsat

MSS and TM missions. So far, optical satellite images were

used to gain information regarding the spatial extent of sand

dunes, their vegetation cover and mineralogical composi-

tion. The method developed offers new opportunities for

studies of eolian geomorphology, adding the ability to

analyze dynamic aspects of sand dunes topography in time

and space.
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Soil colour carries important information regarding the soil’s chemical and

physical properties. However, common practices for measuring soil colour, either

by Munsell charts or by field/laboratory spectrometers, are insufficient, due to

the subjective and nonquantitative character of the Munsell charts, and to the

high cost and inconvenience of field spectrometers. We present herein, a method

to characterize the colour of soil samples, and related chemical and physical

properties of the soil, using a digital camera, and an array of coloured plastic

chips, that are used for calibration purposes. Using 370 samples of sandy soils,

we have demonstrated that both RGB values from digital images and their

derived soil indices, correlate highly with similar measurements performed by a

field spectrometer. When checked against free iron oxide content and against the

percentage of fine particles in a sub-sample set of 42 soils, the redness index as

measured by the digital camera gave similar or better correlations than those

obtained from a field spectrometer, against both free iron oxides and fine particle

contents (R2 of 89% for the iron oxides, and of 81% for the fine particles). We

propose the use of a digital camera as a field analytical tool to determine

precisely: soil colour, iron oxide and fine particle content. Further study in this

direction, with other soil population and more soil properties, is strongly advised

in order to launch this as a vastly applicable and generic method.

1. Introduction

The spectral characteristics of the soil are determined by the chemical and physical

soil-related properties (Ben-Dor 2002). Thus various scanning and sensing

technologies were developed as proximal sensors for a range of soil properties

which have important agronomic implications for precision agriculture (Viscarra

Rossel and McBratney 1998, Adamchuk et al. 2004). While many of these

properties can be detected only in the near-infrared–short-wave infrared (NIR–

SWIR) regions of the spectrum, soil colour in the human visible range (0.4–0.7 mm)

is related to the presence of pigments or chromophores that absorb or scatter

radiation in different wavelengths and intensities. Organic matter, water molecules,

iron oxides, carbonates and chemical composition of transition metals in clay

minerals are the major chemical components affecting soil colour; while grain size,

as a physical chromophore, also plays an important role in affecting this colour

(Ben-Dor et al. 1998). Traditionally, Munsell soil colour charts are used to describe
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soil colour visually, by assigning hue, value and chroma. This method, however,

suffers from several drawbacks: (1) it oversimplifies colour identification due to its

use of a limited number of colour chips; (2) unlike reflectance it is not a continuous

quantitative physical variable; and (3) it may be influenced by variables independent

of soil sample properties, such as operator’s fatigue, illumination conditions, etc.

(Mathieu et al. 1998).

Spectrometers and chroma meters permit more physically based characterization

of soil colour, and are becoming an alternative tool to Munsell charts (Torrent et al.

1983, Mathieu et al. 1998, Konen et al. 2003). However, these are quite expensive

and are inconvenient for field operation, and thus, are not available for many people

in general, and for colour measurement in particular. A low-cost alternative is to use

digital cameras for imaging and measuring colours. The development of solid-state

charge coupled device (CCD) sensors had already begun in the late 1970s and early

1980s (King 1995). Digital cameras have several advantages over 35 mm photo-

graphy, as they avoid inconsistencies in film development and errors introduced

during scanning (Dean et al. 2000), and provide greater sensitivity than standard

film (King 1995). Low cost digital cameras may also have advantages over narrow

band imaging for most remote sensing applications, as they decrease the needs for

precise calibration and accurate modelling of the physical characteristics of the scene

(atmosphere, Bidirectional Reflectance Distribution Function (BRDF), etc; King

1995). Digital cameras have been used scientifically in many applications to date,

e.g. to measure the colour of food surfaces (Yam and Papadakis 2004); to identify

damage in maize plants (Sena et al. 2003); to locate characters in scene images

(Wang and Kangas 2003); to automatically monitor snow cover in Antarctica

(Hinkler et al. 2002); and various others as reviewed by King (1995). Several studies

have demonstrated the benefits of using close range imaging systems to study soil

sample attributes: 35 mm photography was used to map the soil surface in three

dimensions (Warner 1995), or to analyse soil pore structure (Robertson and

Campbell 1997); while Adderley et al. (2002) used an Olympus polarizing micro-

scope and a three chip video camera to measure the colour of soil thin-sections.

Using a digital camera in the laboratory and under ‘ideal’ lighting conditions,

Viscarra Rossel and Walter (2002) were able to predict the content of soil organic

carbon (SOC) for soil samples collected in Brittany, France; they found better

correlations when the samples were moistened, and concluded that colour measure-

ments using either RGB image-intensity values or Commission Internationale de

l’Eclairage (CIE) L*a*b*/CIE Luv colour coordinates show good responses to SOC

(with a higher content of SOC darkening the soil). In a follow-up study they found

that predictions of SOC using simple colour models from a digital camera were

comparable, or even better, than those obtained from a partial least-squares

regression, implemented on spectral reflectance data measured by a FieldSpec Pro

visible and NIR spectrometer (Viscarra-Rossel et al. 2003).

It should be noted, however, that using spectrometers, unique absorption features

of minerals can be quantified; using a digital camera, however, only three bands are

available—red, green and blue (these can be transformed into other colour

coordinates, such as the CIE L*a*b*)—from which spectral indices can be derived.

Digital cameras therefore offer a new and simple opportunity to characterize soil

samples. As with standard remote sensing applications, care should be taken when

analysing images photographed with digital cameras. To avoid inconsistencies due

to the light source, a controlled source of artificial illumination is commonly used to
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light the target of interest (Sena et al. 2003, Yam and Papadakis 2004). For accurate

calibration, the quantum efficiency curves of the CCD and the lens transmission

spectra should also be known (Dean et al. 2000). However, these are often not

supplied by the digital cameras’ manufacturers, as they are regarded as an industrial

secret. In many studies standard colour chips (Yam and Papadakis 2004), painted

wooden panels (King 1995, Dean et al. 2000), or just a standard white reference

(Webster and Mollon 1997), were imaged within the scene (‘in-flight calibration’) to

enable calibration of the RGB values. Calibration is needed due to differences in the

illumination conditions, and to contrasts within the image scenes themselves. Other

artefacts that are encountered when using CCD arrays on digital cameras include: a

brightness fall-off towards the corners of the image, partly due to obliquity in the

view away from the nadir axis, and partly due to vignette effects from the lenses

(Dean et al. 2000); adjacency effects that smooth the boundaries between objects;

and BRDF effects (King 1995). To the best of our knowledge, other than the works

on soil organic carbon by Viscarra Rossel and Walter (2002) and Viscarra Rossel

et al. (2003), there has been no work to date that showed the ability of a simple

digital camera, to serve as a practical tool for characterizing soil properties such as

free iron oxides and measuring amounts of fine particles.

The percentage of free iron oxides in sand dunes and in sandy soils may represent

their stage in the rubification process (Norris 1969, Walker 1979). The rubification is

defined as a pedogenesis stage in which iron is released from primary minerals to

form free iron oxides that coat quartz particles in soils with a thin reddish film (Buol

et al. 1973). The free iron oxides coat the quartz particles and provide a reddish

chroma to the matrix as well as stability (Ben-Dor and Singer 1987). There is

abundant evidence that many dune sands become reddened with time and that this

process is promoted by warm temperatures, oxidizing conditions, and the periodic

presence of moisture (Norris 1969). Williams and Yaalon (1977) have demonstrated

reddening in sand dune under laboratory weathering conditions. Their research

showed that organic matter is not necessary to initiate the process. Thus the

percentage of iron oxides in sand dunes may indicate their age, source materials, and

transport paths, as demonstrated by White et al. (1997) and White et al. (2001) using

Landsat satellite images; whereas in Terre Rosse and Rendzina soils (Rhodoxeralfs

and Xerochreys, respectively, according to the US Department of Agriculture)

differences in iron oxide mineralogy (red hematite vs yellow goethite) were

interpreted by Singer et al. (1998) to be due to differences in the pedoclimate (see

also Balsam et al. 2004).

The amount of fine particles increases during sand succession and dune

stabilization processes (Danin and Yaalon 1982) and in sandy soils is important

for estimating the water-holding capacity of these soils as it determines the

availability of water to plants (Tsoar and Zohar 1985). Differences in the particle

size of soils influence their reflectance; wherein if multiple scattering dominates,

as is usually the case in the visible and NIR, the reflectance is expected to decrease

as the grain size increases (Clark 1999). This was indeed observed by Okin and

Painter (2004) who studied sand plumes from abandoned agricultural fields, in

which effective particle size decreased towards the toe of the plume. Analysing a

hyperspectral Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) image,

they demonstrated the expected negative correlation between effective grain size of

sand in the plume, and its reflectance, with the most significant correlations in the

SWIR.
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This paper presents a simple method for using a digital camera to measure soil
colour, and assesses the accuracy of soil colour indices derived from the digital

camera, with respect to those obtained from a field spectrometer, and with chemical

measurements of the iron oxides and of the percentage of fine particles in the

samples. The methodology was designed to meet the following operational criteria:

1. images should be taken with a standard digital camera in natural daylight;

2. reference chips used for calibration should be simple and available to all;

3. no knowledge about the camera’s characteristics is required; and

4. data capture and analysis using commercially available software.

2. Methods

2.1 The soil samples

The soil samples that we collected included sand samples from the coastal dunes of
Israel covering a range of colours (from light yellow to light red) attributed to the

soil rubification stage. Altogether, 370 soil samples were analysed, most of them

(368) were collected from the coastal dunes between the cities of Ashdod and

Ashkelon (south to Tel-Aviv, Israel), along several NW–SE transects going from the

beach inland. While most of the coastal dune sand samples represent the surface of

the dunes, 21 samples were taken from a depth of 2 cm below the surface, and eight

were collected from places with exposed ‘Hamra’ (Haploxeralfs in the USDA soil

classification terminology) soils. Two additional samples were collected from the
surface of sand dunes in the Arava valley in southern Israel, 225 km south of the

coastal dune study area. All samples were gently crushed (as the samples were taken

from very sandy soils) by hand, or by lightly tapping with a hammer (in the case of

hard aggregates found in samples taken from Hamra soil) and then air-dried for

three days. No further treatments (removal of organic matter or calcium carbonate,

sieving, etc.) were applied, so as to not alter the samples. This was done to keep the

samples as close as possible to their natural composition, in order to represent the

dune status under a remote sensing means.

2.2 Camera settings

After air-drying the soil samples for three days in an indoor environment, they were

placed in the laboratory on a simple sheet of white A4 paper, situated on a small

chair (at a height of 44 cm above the floor). The samples were carefully flattened by

gently tapping on a hard-cover book that was set on top of the sand sample, in order
to avoid shading effects due to possible microtopography. The thickness of the

levelled sand sample was about 5 mm. The sand was rimmed by a piece of cardboard

with 12 coloured plastic chips (key holders). The coloured plastic chips included

duplicates of six colours (red, green, blue, white, grey and black; see figure 1).

A 1.3 megapixel digital camera (Olympus CAMEDIA C-920) was held on a

tripod, with the lens facing downward, towards the sand sample. The distance from

the camera lens to the sand sample was 50 cm. Images were taken in Tel-Aviv, Israel

(April–June, 2003) under the following camera settings: no flash, no artificial

lighting system, daylight diffuse conditions (the Sun did not light the sand samples
directly) in a room with wide open windows (facing north), resolution 12806960

pixels (of which the sand sample itself occupied ca. 2706190 pixels), and high
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quality (HQ) mode—JPG (Short for Joint Photographic Experts Group (JPEG)

2004) standard compression. Although JPG files are not recommended for research

purposes (Yam and Papadakis 2004), our results show that the compressed (JPG)

file did not hamper the accurate identification of the samples’ colour. An important

reason for preferring JPG images is the high compression ratio they offer for 24-bit

images, thus allowing a greater number of photographs to be taken in a single

session, especially on field trips.

2.3 ASD measurements

All soil samples were measured by a high performance single-beam field spec-

troradiometer—the Analytical Spectral Devices FieldSpec Pro (ASD 2001)—

measuring throughout the visible to SWIR wavelength range (350–2500 nm). Soil

samples were measured in the laboratory by attaching the contact probe (‘potato’)

to the soil sample, and extracting for each sample the average of 20 readings, using

the bare fiber mode and using the ASD’s illumination. A white reference panel

(made of halon) was used to calibrate the measurement to reflectance values in the

same geometry. In addition, the reflectance of the plastic colour chips was also

measured with the ASD, to enable an empirical line calibration (Smith and Milton

Figure 1. Arrangement of plastic colour chips around a soil sample (serial number 1001).
Regions of interest (ROIs) drawn in ENVI over the plastic colour chips and the soil sample
are presented in a thin white or black line.

Measurement of soil colour by digital camera 5479



1999). Figure 2 presents the reflectance spectra of a soil sample (serial number 1001)

and of the 12 plastic colour chips used.

2.4 Calibration of the camera digital number values to reflectance values

Data encoded by the digital camera are scaled into 0–255 (8 bits) digital numbers

(DN) in three bands (RGB) and saved in JPG format. We processed the digital

images using ENVI 3.4 software (Research Systems 2000). Over each image, we

defined 13 regions of interest (ROIs; 12 for the 12 colour chips, and one for the sand

sample), covering the central part of these objects, so as to avoid adjacency effects

(as recommended by Dean et al. 2000), as seen in figure 1. For each plastic colour

chip, we averaged the values of RGB from the ROIs. These RGB values are referred

to here as DC-RAW (digital camera raw data). Two calibration methods were

applied to the measured RGB values: relative and absolute.

With the relative calibration, a linear regression line was found between the RGB

values of the plastic chips of each soil sample (for each of the RGB values) and those

of the image in an arbitrarily selected soil sample (the sample shown in figures 1 and

2). The average R2 for all samples (N5370) and bands was 99.6%. Using the

regression line coefficients, the RGB values of the soil sample (in each image) were

corrected to match the illumination conditions of the first image. These RGB values

are referred to here as DC-RGB (digital camera RGB).

Absolute calibration to reflectance values was based on measuring the spectral

reflectance of the plastic chips with the ASD (figure 2). An exponential regression

line was found between the digital camera’s RGB values of the plastic chips (in each

Figure 2. The reflectance spectra of the 12 plastic colour chips (two colour chips for each
colour) and sand sample 1001, as measured by the field spectrometer (ASD). The captions of
the spectral curves stand for the following reference objects: red chip (a, a9); green chip (b, b9);
blue chip (c, c9); black chip (d, d9); grey chip (e, e9); white chip (f, f9); and a selected sand
sample (g; sand sample number 1001).
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image) and the ASD’s reflectance values (at 640, 510 and 460 nm, representing red

green and blue colour, respectively)—the average R2 for all samples and bands was

93.7% (N5370). These regression lines were applied to the RGB values of the soil

samples, in order to transform them into reflectance values, referred to here as

DC-R (digital camera reflectance).

2.5 Calculation of soil colour indices

The following soil colour indices were calculated (Madeira et al. 1997, Mathieu et al.

1998):

Brightness Index BI~sqrt B2zG2zR2
� ��

3
� �

ð1Þ

Saturation Index SI~ R{Bð Þ= RzBð Þ ð2Þ

Hue Index HI~ 2 � R{G{Bð Þ= G{Bð Þ ð3Þ

Colouration Index CI~ R{Gð Þ= RzGð Þ ð4Þ

Redness Index RI~R2
�

B � G3
� �

ð5Þ

where R5red band (640 nm when using the ASD); G5green band (510 nm when

using the ASD) and B5blue band (460 nm when using the ASD).

We have used soil colour indices, as they were shown by Mathieu et al. (1998), to

be good predictors of each of the soil colour components (expressed in Helmholtz

coordinates). These indices were calculated for each of the sand samples four times:

(i) from the raw DN values of the digital camera prior to their calibration (DC-

RAW); (ii) from the self-calibrated DN values of the digital camera (DC-RGB); (iii)

from the reflectance calibrated values of the digital camera (DC-R); and (iv) from

the reflectance values of the ASD spectrometer (ASD-R).

As these indices are mostly ratio indices, we expected them to reduce shading and

BRDF effects that may be present in the images, due to viewing angle with respect

to the direction from which the light is coming (Lillesand and Kiefer 1994, King

1995). This is because a ratioed image of a scene effectively compensates for the

brightness variation caused by the differences in the topography, and emphasizes the

colour content of the data. In this study, we assumed that using a contact probe

device to measure the reflectance with the ASD will significantly reduce major

BRDF effects.

In addition, we have examined the performance of two other colour models, in

predicting the content of free iron oxides and fine particles. The two colour models

that we studied in comparison with the RGB model, were the CIE L*a*b* and the

CIE L*C*Hu. The CIE (1978) colour spaces form the foundation of device-

independent colour for colour management, and are meant to be true representa-

tions of colours as perceived by the human eye (Amazys Holding 2004). In the CIE

L*a*b*, L* is a measure of lightness of an object, and ranges from 0 (black) to 100

(white), a* is a measure of redness (positive a) or greenness (negative a), and b* is a

measure of yellowness (positive b) or blueness (negative b). The coordinates a* and

b* approach zero for neutral colours (white, greys and black). The higher the values

for a* and b*, the more saturated the colour is. The CIE L*C*Hu system is the same
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as the CIE L*a*b* colour space, except that it describes the location of a colour in

space by use of polar coordinates, rather than rectangular coordinates. L* is the

same as above, C* is a measure of chroma (saturation), and represents the distance

from the neutral axis, and Hu is a measure of hue and is represented as an angle

ranging from 0u to 360u.
We have calculated the colour coordinates in these two additional models,

applying the formulas used in the software EasyRGB-PCTM (Logical 2004).

2.6 Measurement of iron oxides and fine particles in the soil samples

From the entire soil sample population, a set of 42 soil samples was selected for

chemical measurements. The samples were selected according to their spectral soil

colour indices, so as to cover the whole range of colour in the population. For each
of those soil samples, two replications were used for the extraction of iron oxides,

using the method described by Mehra and Jackson (1960). In this extraction,

dithionite—citrate–bicarbonate (DCB) was used to extract the free iron into the

solution for analytical determination. These values of free iron oxide content are

referred to here as DCB-Fe. From the same set of 42 soil samples, an amount of 40 g

was taken to analyse the content of fine particles (silt and clay) in the soil, as

described in Kidron (2001). Table 1 presents the basic statistics of the content of free

iron oxide and fine particles, as well as those of the Munsell value, hue, and chroma,
as found using Munsell colour chart (Munsell 1923).

The samples’ content of organic matter was not measured, as it was considered to

be non-significant with in dune areas in Israel, as reported by Kutiel et al. (1996)

(less than 1% of the coastal dunes and Hamra soils in Israel).

3. Results

Table 2 presents the linear correlation coefficients obtained for the RGB values, and

their derived soil indices (between the digital camera and the ASD), as calculated

from the above four sets: DC-RAW, DC-RGB, DC-R and ASD-R. Figure 3

presents some of the scatter plots for these variables. Both table 2 and figure 3

demonstrate the high correlation that exists between measurements performed by

the digital camera and the ASD (r values along the diagonal of the table are mostly

greater than 0.9). As for the stability (that is, how well do the values of a certain

variable correlate when measured either by the ASD or by the digital camera), the

Table 1. Descriptive statistics of the amount of free iron oxides and fine particles, as found in
the 42 samples that were subject to chemical analysis in the laboratory.

Average
Standard
deviation

Coefficient
of

variation Minimum
1st

quartile Median
3rd

quartile Maximum

% Fe 0.078 0.100 0.779 0.022 0.030 0.037 0.060 0.393
% Fine

particles
6.01 11.13 0.54 0.18 0.39 0.86 5.38 44.78

Munsell
value

9.8 0.7 14.8 7.5 10.0 10.0 10.0 10.0

Munsell
hue

6.1 1.3 4.5 4.0 5.0 6.0 7.0 8.0

Munsell
chroma

4.0 1.0 4.0 2.0 3.5 4.0 4.0 6.0
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Table 2. Linear correlation coefficients (r) between RGB values and their derived soil indices, as measured by the digital camera (DC-RAW: raw RGB
values; DC-RGB: relative RGB values calibrated by the RGB values of the colour chips; DC-R: RGB values converted into reflectance values) and the ASD

field spectrometer.

DC-RAW DC-RGB DC-R

R G B BI SI HI CI RI R G B BI SI HI CI RI R G B BI SI HI CI RI

ASD-R

R 0.92 0.94 0.82 0.94 20.38 20.39 20.45 20.64 0.96 0.93 0.87 0.96 20.49 20.26 20.44 20.69 0.97 0.91 0.82 0.96 0.15 0.05 0.08 20.74

G 0.89 0.96 0.87 0.95 20.48 20.47 20.53 20.65 0.92 0.94 0.92 0.96 20.60 20.32 20.53 20.70 0.94 0.93 0.88 0.96 0.00 20.02 20.03 20.77

B 0.80 0.91 0.89 0.91 20.57 20.50 20.57 20.59 0.81 0.88 0.94 0.90 20.72 20.37 20.59 20.63 0.85 0.91 0.94 0.90 20.23 20.10 20.19 20.73

BI 0.90 0.95 0.84 0.94 20.43 20.43 20.48 20.64 0.93 0.94 0.91 0.96 20.57 20.30 20.50 20.69 0.95 0.93 0.87 0.96 0.04 0.01 0.00 20.76

SI 20.25 20.49 20.67 20.48 0.74 0.58 0.68 0.42 20.18 20.41 20.63 20.40 0.84 0.46 0.66 0.34 20.25 20.49 20.70 20.36 0.81 0.37 0.62 0.48

HI 20.19 20.44 20.54 20.39 0.71 0.71 0.79 0.69 20.24 20.44 20.56 20.41 0.79 0.53 0.73 0.65 20.23 20.42 20.52 20.32 0.57 0.42 0.55 0.69

CI 20.25 20.50 20.67 20.48 0.77 0.64 0.73 0.49 20.23 20.46 20.65 20.44 0.89 0.53 0.76 0.54 20.26 20.49 20.66 20.37 0.75 0.43 0.64 0.64

RI 20.65 20.80 20.73 20.75 0.62 0.63 0.76 0.96 20.79 20.83 20.79 20.83 0.66 0.41 0.64 0.96 20.74 20.74 20.67 20.76 0.00 0.12 0.10 0.94
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soil indices can be ranked in the following decreasing order: Redness Index,

Brightness Index, Saturation Index, Colour Index and Hue Index. Note that the

correlations achieved between the ASD measurements and the uncalibrated digital

camera measurements (DC-RAW) were almost as high as the calibrated digital

camera measurements.

A comparison between DCB-Fe values of 42 selected soil samples, with the

various soil indices (presented in table 3 and figure 4), reveals that similar results

are obtained with either the digital camera or the ASD; the best spectral soil index

(calculated from RGB values) being the Redness Index (with linear r values greater

than 0.85 for both the digital camera and the ASD spectrometer). In fact,

correlation coefficients with the digital camera were similar, if not higher, than

those achieved with the ASD. One should note that the relationship between the

redness index and the free iron oxide content is of a logarithmic trend line (in

figure 4). A similar relationship (using a parabolic fit, however) was interpreted by

Figure 3. Scatter plots between various variables ((a) red band; (b) green band; (c) blue
band; (d ) Brightness Index; (e) Saturation Index; ( f ) Hue Index; (g) Colour Index; (h)
Redness Index) measured by the digital camera and the field spectrometer (ASD).
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Torrent et al. (1983) in Brazil, to represent a saturation in their redness rating index

(that was based on Munsell colour charts), with respect to the hematite content of

the soil.

Similar results were obtained for the relationship between spectral indices and the

content of fine particles in the soil samples, as presented in figure 5 and table 4. This

relationship follows a linear trend line; however, we used a logarithmic scale for the

x-axis in this figure. Again, the best index for the fine particles was found to be the

Redness Index (with linear r values greater than 0.82 for both the digital camera and

the spectrometer). In addition, the digital camera performed better than the ASD, in

predicting the content of the fine particles based on spectral indices.

Evaluating four different colour models (RGB, CIE L*a*b*, CIE L*C*Hu and

Munsell) with respect to the ability of their colour coordinates to predict the content
of fine particles and free iron oxides, we found that the poorest performance was

that obtained by the Munsell charts (r values not surpassing 20.70; see table 5). As

for the other colour models, whose coordinates were calculated from the digital

images, the RGB model and the two CIE models performed equally well (the best r

values reaching about 20.75). The best results were obtained with those colour

variables that are directly related to the brightness of the soil sample (R, G, B and

L*); whereas, the variables related to the redness of the soil sample obtained lower

correlation values (r,¡0.65, for a* and Hu). However, the spectral colour indices

discussed above, and most notably the redness index, were found to be the best

predictor of both DCB-Fe and of fine particle content.

4. Discussion

We have demonstrated the ability of a simple digital camera combined with simple

plastic colour chips to capture RGB values of soil samples. From these, various soil

colour indices were calculated. We found that soil colour indices in general, and

those relating to the brightness or the redness of a soil sample in particular, may be

calculated from digital camera images, with accuracies similar to or better than

those achieved by an ASD. From these, accurate predictions of the free iron oxide

and of fine particle contents can then be done, using either the digital camera or the

ASD field spectrometer. Regarding the performance of a digital camera with respect

to a field spectrometer, similar results were obtained by Viscarra Rossel et al. (2003)

for the prediction of soil organic carbon. The fact that the accuracy achieved by the

digital camera and the ASD spectrometer were quite similar, with different types of

light sources (direct artificial light in the ASD, diffuse daylight with the digital

camera), may be evidence that the sand samples behaved as lambertian reflecting

surfaces. It may also be explained by the fact that a much larger, and hence

Table 3. Linear correlation coefficients (r) between the content of iron oxides (DCB-Fe)
values of 42 selected soil samples, and soil indices as calculated from RGB values, measured
by the digital camera and the ASD field spectrometer (*95% significance, **99% significance).

Correlation with
DCB-Fe DC-RAW DC-RGB DC-R ASD-R

Spectral
soil index

BI 20.73** 20.75** 20.69** 20.72**
SI 0.73** 0.76** 0.16 0.53**
HI 0.78** 0.66** 0.35* 0.86**
CI 0.80** 0.76** 0.27 0.63**
RI 0.92** 0.92** 0.86** 0.89**
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representative, area of the soil sample was imaged by the digital camera (140 sq cm),

as compared to the less than 2 sq cm imaged by the ASD, thus compensating for the

higher accuracy expected from a sophisticated ASD field spectrometer.

With the Redness Index, high correlations were found between both the soil

samples’ free iron oxide content (DCB-Fe) and the fine particle percentages. In our

study, we found that sandy soils with higher amounts of fine particles were darker

than soils with a lower percentage of fine particles. This may seem to be contrary to

the expected (see Clark 1999); however, in our case there was a high correlation

between the content of free iron oxides and fine particles (R2593.5%). As noted by

Figure 4. A scatter plot between the content of iron oxides (DCB-Fe) measured in the
laboratory and the spectral redness index as measured (a) by the field spectrometer (ASD),
and (b) by the digital camera.
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Dematte et al. (2004), as well as by Sanchez-Maranon et al. (2004), high iron content

contributes to low reflectance; and hence, the fine particle inverse correlation with

the reflectance values is explained by the occurrence of iron oxides.

We found the Redness Index to be the best spectral index for predicting both

DCB-Fe (R2588.9%) and the content of fine particles (R2581%) in our soil sample

Figure 5. A scatter plot between the content of fine particles as measured in the laboratory
and the spectral redness index as measured (a) by the field spectrometer (ASD), and (b) by the
digital camera.
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population. We found that applying a spectral index was preferable to using simple

colour coordinates, whether they belong to the RGB model or to the CIE models.

Higher content of free iron oxides had two effects: lowering the brightness of the soil

samples (as expressed in the negative correlation with R, G, B, L* and the Munsell

value), and reddening them (as expressed in the positive correlation with a*, and the

negative correlation with Hu and the Munsell hue).

Although we were successful in quantifying soil colour indices and related soil

properties using a digital camera, we may note the following limitations for this

method: (1) changing illumination conditions may have more influence on the

accuracy achieved when images are taken in the field; (2) images taken by different

cameras can only be compared after they are calibrated to the same reference; and

(3) soil samples should be levelled before images are taken to reduce shading

artefacts, due to possible microtopography and BRDF. These artefacts are,

however, partially compensated for when using ratio indices.

Organic matter may change the spectral slope of the VIS–NIR region (Ben-Dor

et al. 1997), and accordingly the RI. Indeed, organic matter was demonstrated by

Viscarra Rossel and Walter (2002) and Viscarra Rossel et al. (2003) to lower the

reflectance of soils as measured by a digital camera. However, this can happen only

when the organic matter content reaches a significant threshold (above 2%;

Baumgardner et al. 1985). If the organic matter is fresh, then signatures of

Table 4. Linear correlation coefficients (r) between content of fine particles of 42 selected soil
samples, and soil indices as calculated from RGB values measured by the digital camera and

the ASD field spectrometer (*95% significance, **99% significance).

Correlation with %
fine particles DC-RAW DC-RGB DC-R ASD-R

Spectral
soil index

BI 20.74** 20.75** 20.69** 20.71**
SI 0.64** 0.70** 0.09 0.46**
HI 0.73** 0.66** 0.31* 0.80**
CI 0.72** 0.73** 0.22 0.56**
RI 0.89** 0.90** 0.83** 0.85**

Table 5. Linear correlation coefficients (r) between the content of fine particles and iron
oxides (DCB-Fe) as measured in 42 soil samples, and several colour coordinates used in the
following colour models: RGB, CIE L*a*b*, CIE L*C*Hu and Munsell. All the calculations
referring to the digital colour models were based on the DC-RGB values (the calibrated RGB

values).

Colour model Colour coordinate % fine particles DCB-Fe

RGB R 20.75 20.74
RGB G 20.76 20.76
RGB B 20.71 20.73
CIE L*a*b*: L* 20.76 20.77
CIE L*a*b*: a* 0.62 0.65
CIE L*a*b*: b* 0.09 0.17
CIE L*C* Hu C* 0.19 0.28
CIE L*C* Hu Hu 20.62 20.63
Munsell Value 20.68 20.69
Munsell Chroma 0.31 0.39
Munsell Hue 20.59 20.62
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chlorophyll can be also present at around 680 nm (Ben-Dor et al. 1997). The organic

matter content (fresh and mature) within a sand dune area (far from vegetation

spots), as well as in typical ‘Hamra’ soil, is fairly low in the selected area (less than

1%; see Kutiel et al. 1996), and thus, not spectrally significant. As demonstrated by

Danin et al. (1989), even when the silt + clay content in cyanobacterial crusts over

desert dunes in Israel is 30%, the organic matter is less than 2%. However, in

proximity to vegetation pockets, caution must be taken when using the proposed

method. Along these areas, both organic matter and chlorophyll content may be

masking the spectral response of the iron oxides.

5. Conclusions

In conclusion, the method presented here offers the possibility of using a digital

camera as an alternative tool for a three-band field spectrometer in the VIS range;

and it may also be applied in the field, thus allowing an easy, objective, and fast way

to quantitatively measure soil colour variables. These may then be related to the

amount of free iron oxides, content of fine particles, and probably also to organic

carbon—all of which are important soil properties, which may also serve as

indicators of the stage in the stabilization process of sand dunes. Further research

may be applied to more soil populations, and to additional soil properties such as

water and lime content, and to biogenic crusts, as they all affect the soil colour

properties.
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Abstract

Temporal changes in the stabilization process along the coastal dunes of Israel were assessed

using a series of 23 aerial photographs taken over the period 1944–1999. The stabilization rate

was then quantified using a specially developed method for the calculation of sand dune

movement and by the calibration of the gray-scale images into vegetation cover maps. An

episodic reactivation of the dunes during the 1970s was identified and examined with respect to

various physical and human factors. The Mediterranean climate along the coast of Israel and

the low wind energy are favorable for the stabilization of sand dunes in the absence of human

activity. It was shown that military maneuvers and recreational traffic (pedestrians and off-

road vehicles) increased fragmentation but did not lead to the reactivation of the dunes. Based

on archival records and interviews with officials who have worked in the area over the past 25

years, it was concluded that the apparent changes in the stabilization process should be

attributed to changes in the grazing and vegetation cutting practices of Bedouin farmers along

the coast of Israel between the late 1960s and the late 1970s, concomitant with the changing

policies of successive Israeli governments.
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1. Introduction

Among the important phenomena in sand dune areas are the process and degree
of stabilization, which are controlled and governed by diverse environmental factors.
The dune stabilization process is a positive feedback mechanism (Tsoar and Moller,
1986) in which the following sequence can be found: where the accumulation of sand
is low (as in the dunes’ crest), increase in soil moisture content allows an increase of
vegetation density; as a result, there is a decrease in the area of exposed sand, an
increase in the accumulation of eolian fine particles, and the formation of a biogenic
crust that, in turn, leads to a decrease in the sand saltation.

This process endangers endemic species of flora and fauna that specifically
adapted to the habitat of shifting sands, and in the long run may lead to the loss of
one of the most unique landscapes in Israel—the coastal sand dunes along the
Mediterranean Sea (Kutiel, 2000). As a consequence of land use changes, these
coastal dunes are undergoing a process of stabilization since the late 1940s (Tsoar
and Blumberg, 2002). Prior to 1948, the dunes were utilized by man in two ways: (1)
the vegetation was used by the local Arab and Bedouin inhabitants for firewood and
building materials, and by their livestock for grazing, and (2) employment of the
traditional ‘‘mawasi’’ system of agriculture (mawasi in Arabic means ‘‘suction’’,
referring to water that has been sucked out to the surface). In the ‘‘mawasi’’ system,
plots in the inter-dune area were cultivated, and the sand was cleared out down to
the water table, in order to make water more available for plants (Tsoar and Zohar,
1985). Following the establishment of the state of Israel in 1948, vegetation on the
sand dunes was no longer disturbed by man and was therefore able to spread more
efficiently on the dunes, thus stabilizing them as the zootic climax was replaced by a
climatic climax.

Using aerial photographs of the Ashdod region between 1944 and 1995, Tsoar and
Blumberg (2002) monitored changes in the dunes’ movement rate, while Kutiel et al.
(2003) monitored changes in the vegetation cover between 1965 and 1999. In another
study, Danin and Nukrian (1991) used aerial photographs taken between 1945 and
1986 to examine changes in the area covered by vegetation units along the coastal
dunes south of Ashkelon (see Fig. 1 for the exact location). In general, all the
researchers noted that an overall trend of stabilization has occurred between the
1940s and the present. However, closer examination of their data reveals a period of
time when the dunes were reactivated (apparently not considered by them): between
1965 and 1980 the stabilization process (expressed in a decrease of the dunes’
movement rate and an increase in the vegetation coverage) came to a temporary halt
and even reversed. To explore the possible reason for this shift, and to determine the
factors predominantly responsible for it, the data on movement of dunes were
extracted using a precise analytical method and a wider area of dunes was studied in
this paper. Another parameter that was particularly important for the above
exploration was to increase the temporal resolution over the time period in question.

The purpose of this study was, thus, to suggest an environmental mechanism and
factor to explain the temporal changes in the dunes’ stabilization process along the
southern coastal dunes of Israel over the past 50 years. This goal was achieved by,
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first, precisely locating the phenomena in question both in time and space and, then,
exploring all relevant and possible physical and human factors documented in this
area. To that end, a new methodology and approach were developed and applied to
a series of aerial photographs taken over the elapsed time.

2. Methodology

2.1. Research area

The area selected for this study consists of coastal sand dunes 40 km south of Tel-
Aviv, Israel, between the cities of Ashdod and Ashkelon (Fig. 1). The climate is
Mediterranean, with an annual average rainfall of 450–500mm, all in wintertime,
with maximum rainfall in December (Bitan and Rubin, 1991). The average daily
maximum and minimum temperatures in summer are 29�C and 21�C, respectively.

ARTICLE IN PRESS

Fig. 1. Research area location in Israel, and the land use map of the research area (the map is partially

based on GIS layers created by the GIS unit of the Society for the Protection of Nature in Israel).
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Proximity to the sea boosts the average relative humidity year round and may reach
70% and higher during the summer.

The origin of the sand along the Israeli coast is mainly from the Nile delta via the
longshore currents near the coast and the anti-clockwise Mediterranean current in
the deep water (Emery and Neev, 1960). Eolian sand transport from the beach inland
occurs under the influence of high winds from the south-west to the north-east,
mainly in wintertime (Goldsmith et al., 1990). The southern-half of the study area is
part of Nizanim Nature Reserve, while the northern section is protected under
Israel’s National Master Plan No. 22 for forestry. The vegetation associations typical
of the southern coastal dunes of Israel that match our study area were defined by
Danin and Nukrian (1991) near Netiv HaAsara, 10 km south of Ashkelon (see
Table 1). They note that with increasing sand stability, the germination and
establishment of more species is enabled and the monospecific community of
Ammophilia arenaria thickens and changes into associations where Artemisia

monosperma is the dominant plant.

2.2. Data base and digital processing

To monitor the stabilization process of the sand dunes, a temporal sequence of
gray-scale aerial photographs was obtained from the Survey of Israel, mostly for
summer and autumn months, when vegetation cover by annuals is minimal. Aerial
photographs for 12 years (1944, 1956, 1963, 1965, 1968, 1974, 1977, 1982, 1987,
1990, 1995, 1999) were acquired for the northern dunes of Ashdod, and for 11 years
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Table 1

Vegetation associations of the southern coastal dunes of Israel, as defined by Danin and Nukrian (1991),

Nukrian (1988)

Association Habitat Silt+clay

content at soil

surface (%)

Absolute cover

of perennial

species (%)

Asthenatherum

forsskalii–Polycarpon

succulentum

Windward slope of the

dune

0–3 3.8

Ammophilia arenaria–

Senecio joppensis

Summit of dunes, top of

leeward slopes and

blowouts

0.5–4 44.3

Ononis natrix–Artemisia

monosperma

Stable and small sand

dunes

2–5 51.9

Artemisia monosperma–

Retama raetam

Fossil soils in interdune

valleys

6–15 130.5

Artemisia monosperma–

Launaea tenuiloba

Fossil soil covered with

50–100 cm sand

1.5–5 110.0

Asthenatherum

forsskalii–Lotus

halophilus

Slightly mobile sand, up

to 100 cm deep, in the

interdune valleys

3–4 55.7

N. Levin, E. Ben-Dor / Journal of Arid Environments 58 (2004) 335–355338



(1945, 1949, 1956, 1963, 1968, 1972, 1974, 1977, 1982, 1988, 1997) for the southern
dunes of Nizanim. All the photographs were scanned at a resolution of 400 dpi, and
then georectified using a digital orthophoto as the basis image from which ground
control points (GCPs) were collected. For each photograph, more than 100 GCPs
(the average was 235; mostly bushes and trees) were identified. A local affine
transformation (a linear combination of translation, rotation and scaling adapted
locally using the triangulation technique available in ENVI 3.5 package 2001;
Research Systems, Inc., 2001) was applied to account for the non-systematic
geometric effects caused by the dunes’ topography (5–20m high) and the low flight
altitude (about 2300m above surface) from which the aerial photos were taken
(Buiten and Putten, 1997).

2.3. Calculation of the dunes’ movement

The advance rate of sand dunes (barchan, transverse, or parabolic) can be
measured by locating the front of the dune (slip face) at successive times. The slip
face can be manually identified either by the shaded areas or by the area at the foot
of the dune where vegetation begins. The method (Gay, 1999) traditionally employed
to then determine the advance rate (and used by Tsoar and Blumberg (2002) for the
Ashdod srea) is based on measuring the distance between two successive lines, each
representing a different year. Several arrows/lines are then drawn between those
successive lines, their average length representing the average distance moved by the
dune between those years (see the arrows in Fig. 2). The main problems of the
method are, therefore, related to the way those arrows are drawn (Goudie, 1994, pp.
347–348): how densely should the arrows be drawn? In what direction do they point,
and how can the starting and end points of each arrow be objectively determined? In
addition, as the method does not take into account those parts of dunes that did not
advance, an overestimation of the calculated advance rate is expected.

Alternatively, we suggest the following technique and steps for determining dune
movement rate (Fig. 2): (a) the lines representing the dune’s front in successive years
are joined, forming a polygon, which represents the area covered by sand during
those years; (b) for each polygon, the length of the dune’s moving front is
automatically extracted as the skeleton line, using a vectorizing technique (Peuquet,
1981); (c) the advance rate of a dune is then calculated as follows:

v ¼ S=t=L; ð1Þ

where v is the movement rate, S the area covered by sand between successive years, t

the time between successive aerial photographs and L the dunes’ front length.
The ‘‘modified method’’ represents the dune’s movement rate more accurately

than its traditional counterpart, for the following theoretical reasons (a comparison
of the two methods is presented in the results below): (1) completeness: as the
calculation is based on a skeleton line integrating the movement all along the dune’s
front, and not on a limited number of points; (2) objectivity: as the skeleton lines are
created by established vectorizing techniques; (3) compatibility with the geomor-
phological process: In order to insure that the calculations include not only the area
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where the sand was moved over but also that part of the dune’s front that did not
move (for example, in the case of vegetation establishment or morphological changes
of a dune; e.g. dune A in Fig. 3, where the flanks have stabilized in the mid-1980s
while the center of the dune was still advancing), we suggest that for each dune, a
constant front length should be defined. This front length will be the longest skeleton
line extracted for each of the dunes (from the time when they were fully mobile) and
will enable calculation of the exact rate of movement, thus considering also the areas
where no movement occurred.

Based on this technique, the dune’s movement rate was calculated separately for
each area (27 dunes in the northern part, 28 dunes in the southern part, shown in
Fig. 3). The dune’s movement rate was first calculated using the front dune’s length
found for each of the respective years (the ‘‘traditional method’’) and then applying
the fixed front length (our ‘‘modified method’’) for each of the dunes separately
(total of 55 dunes as compared to 15 measured by Tsoar and Blumberg, 2002).

The new method can be extended to calculate the volume (or weight) of sand
moved across a width of 1m, by multiplying the yearly movement rate of a dune by
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Fig. 2. Schematic chart presenting methods for measuring dunes’ movement advance from aerial

photographs, and the mathematical relationships between the traditional and the proposed methods for

the measurement of dunes’ movement. The lettering in the figure is the following: L=dunes’ front length;

xi=distance between arrows along the dune’s front; di=distance moved by the dune along a selected

arrow/line i; n=number of arrows used by the traditional method to measure the average distance moved

by the dune.
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its height. This is based on the assumption that the dune maintained a constant
height for the calculation period.

In addition to the new technique to monitor the dune’s movement, we have
calculated the temporal changes in the vegetation coverage using the gray-scale aerial
photographs (similar to the method described by Kadmon and Harari-Kremer,
1999), after applying radiometric corrections, in the following way: (1) in each image,
several regions of interest (ROIs) representing bare sand (0%) and dense vegetation
(100% cover) in the interdune areas were identified; (2) the average gray-scale value
of these ROIs was calculated; (3) the gray-scale values were then calibrated
according to the percentage of vegetation cover. Validation of vegetation cover
accuracies was preformed against vegetation cover as measured in the field in 16
quadrants of 100m2 by Ron M. (these measurements were preformed in the months
of August and October 2000 for Israel’s Nature and Parks Authority), obtaining R2

values of 60%, significant at more than 99%.

2.4. Physical factors time-series analysis

The following physical factors of dune mobility were examined for the study area:
annual average rainfall as measured in Nizanim, average ground-water level along
the dunes of Ashdod (data received from Melloul A., Israeli Water Commission),
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Fig. 3. Areas covered by sand as a consequence of dunes’ movement in the Nizanim dunes and Ashdod

dunes, as extracted from a temporal series of aerial photographs.
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frequency of Saharan dust storms (Ganor, 1994) as an indicator for the amount of
dust deposited, DP and RDP/DP values (indices developed by Fryberger, 1979; see
below) in Gaza and Tel-Aviv (data obtained from the Israel Meteorological Service).

2.5. Documentation of human activities in the study area

Human activities in the study area relevant to dune mobility include military
training, recreational activities, fixation of dunes by plants, and nomadic population
pressure of grazing, trampling and cutting. These were reconstructed using archival
records (of the Israel Nature and Parks Authority (INPA), Kibbutz Nizanim and the
Society for the Protection of Nature in Israel), personal interviews with locals and
officials who know the area, and a visual analysis and interpretation of historical
aerial photographs.

3. Results and discussion

3.1. Temporal changes in the stabilization process

Figs. 3 and 4 indicate that the dunes’ movement rate is not constant neither in
space nor in time. The results of the dune’s movement rate, along with those of the
vegetation cover, are given in Fig. 4. Several points should be made here: First, the
traditional method (variable front length) to estimate the dunes’ movement rates
results in higher rate values than the modified method. This overestimation might
hinder some of the temporal trends within the dune dynamics. The effect explains the
higher rates of movement found by Tsoar and Blumberg (2002) who used the
traditional method (1.9m/year between 1980 and 1990) whereas for the same area
the modified method depicted values of o1m/year.

Second, the range of the modified method’s movement rates of the southern
coastal dunes reached values of >4m/year for selected dunes in the late 1940s, while
in the late 1990s this value decreased significantly to o1m/year. These values are
quite low compared to other dune fields in the world (e.g. the coastal barchan dunes
of Peru) that move at rates of up to 80m/year; Gay, 1999) and are explained by the
low wind magnitude in Israel (Tsoar and Blumberg, 2002). Third, a general trend of
dune stabilization is clearly seen: in the late 1940s the dunes’ movement rate was
about 3m/year, while 50 years later it stood at 0.5m/year or less. With increased
vegetation cover, the effective wind decreases, slowing down the entire dunes’
movement accordingly. However, Fig. 4 indicates that in both areas the dunes were
reactivated in the late 1960s, with the lowest vegetation cover values and movement
rates 50% higher (than in the mid-1960s) achieved in the mid-1970s. From the late
1970s onwards the stabilization process resumed.

Fourth, the southern dunes (Nizanim) became stabilized much faster than the
northern dunes (Ashdod). Several human and environmental factors may explain
this difference: (1) the coastal cliffs along the southern dunes reach heights of more
than 15m along 2500m, while along the northern dunes cliffs higher than 15m
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stretch along less than half that distance (1000m; see Fig. 1), therefore diverting the
wind and narrowing the areas where sand encroaches inland (Tsoar, 1990); (2) the
Evtah stream that crosses the southern dunes forms an obstacle for the movement of
sand to its northeastern side; (3) the proportion of the area used for agriculture until
1948 (as analysed from historical 1:20,000 British maps) was much larger in the
southern dunes, and thus was more suitable for stabilization by vegetation.

For the northern dunes of Ashdod the late 1940s average annual amount of sand
that moved across 1m of a dune was about 26 ton. This figure gradually decreased,
reaching a minimum of 11 ton/year in 1965. Reactivation of the dunes since the late
1960s resulted in an increase in sand movement to a peak of about 17 ton/year
around 1975. From the late 1970s, the dunes stabilized again with values of about
2 ton/year in the late 1990s.

The direction in which the dunes advance, which is perpendicular to the
orientation of the dunes’ fronts, can be calculated based on the orientation of the
extracted skeleton lines. It was thus found that the dunes’ orientation, 130–140�, did
not change in the past 50 years, indicating a consistency in the wind regime’s
direction and that the dunes move from the south-west to the north-east.
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Fig. 4. Temporal changes in the stabilization process of Ashdod–Nizanim dunes, as monitored by dunes’

movement rate and vegetation cover.
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3.2. Physical factors influencing dune stabilization

Amongst the various physical factors that influence dunes some may encourage
stabilization, while others may encourage mobility. Indices of sand mobility are
traditionally based on precipitation, evaporation and wind magnitude (Lancaster,
1997). Among the above, wind regime was found to be the most important physical
factor in determining the mobility of dunes (Tsoar and Werner, 1998; Tsoar, 2002).
The wind parameters to be considered are both wind velocity (above the threshold
wind velocity required to keep sand in saltation) and wind directionality. The drift
potential (DP) of the sand by the wind can be calculated by applying the method
developed by Fryberger (1979), deriving the following indices:

(1) DP, a measure of the wind’s energy and potential sand drift, and
(2) RDP/DP, a measure of the wind’s directionality, where unidirectional winds

result in RDP/DP close to unity, while multi-directional equally spread winds
result in RDP/DP values close to zero.

Based on Tsoar and Werner (1998), in areas with an annual average of rainfall
>90mm and no human influences, the wind magnitude DP and wind directionality
factor RDP/DP can determine the dunes’ mobility potential very accurately. Two
other factors that may be considered in this respect are ground-water level (Carter,
1991) and eolian dust deposition rate (Tsoar and Moller, 1986; Zaady et al., 2001).

The temporal sequence of the various physical factors analysed is given in Fig. 5,
and the correlation coefficients between them and the dunes’ movement rate is given
in Table 2. It can be seen from the above figure and table that no significant
correlation exists between the physical factors’ annual values and the dunes’
movement rate. However, after the application of a consecutive 5-year running
average on the physical factors’ values, some relationships emerge: slower movement
rates are weakly correlated with higher amounts of rainfall and increased frequency
of dust storms. However, a careful examination of the temporal changes given in
Fig. 5 reveals that the correlation found with rainfall data is an outcome of the rainy
year of 1991/1992 that came when the dunes were already quite inert, while during
the 1960–1970s no correlation between these factors exists. As for dust storm
frequency, the correlation found is merely an expression of a long-term agreement
between an increase in dust episodes and dune stabilization; however, no correlation
exists between the two during the 1970s (when the dunes were reactivated).

Ranwell (1972) notes that plant growth on sand dunes may be related to the water
table only in those places where the water table is less than 2m below the surface. In
our area, the average dune height (relative to their surroundings) is 10m, and the
ground-water level has dropped by more than 10m since the 1950s due to intensive
pumping (Yair Farjun, pers. comm.), and is now only a few meters above sea level
(see Fig. 5). It is hence understood why ground-water level had no effect on dune
mobility in the study area.

We therefore conclude that the determining factor is most favorably related to
human influence, which can change and impact coastal systems faster than physical
disturbances (Gabriel and Kreutzwiser, 2000).
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Fig. 5. Temporal series of dunes’ movement rate and physical factors examined. Raw data of the physical

factors are presented by the thin gray lines, while the running averages are shown by thick black lines. The

values given to the right relate to the raw data values’ range during the period shown in the chart.

Table 2

Correlation coefficients between selected environmental factors and the dunes’ movement rate

Factor examined Period of

measurement

Linear correlation coefficient (R) with dunes’

average movement rate in both areas

Raw data 5 years running average

Annual average

rainfall,a Nizanim

1960–1996 �0.36 �0.68

Rainy days,a

Nizanim

1960–1996 �0.11 �0.01

Groundwater level,b

Ashdod dunes

1960–1998 0.21 0.17

Frequency of

Saharan dust

storms,c Tel Aviv

1956–1990 �0.36 �0.63

DP,a Gaza 1970–1998 0.01 �0.02

DP,a Tel Aviv 1971–1998 �0.01 �0.18

RDP/DP,a Gaza 1970–1998 0.01 0.04

RDP/DP,a Tel Aviv 1971–1998 0.29 0.63

aCalculated from Israel Meteorological Service data.
bCalculated from Israel Water Commission data, received from Melloul A.
cGanor (1994).
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3.3. Human factors and dune stabilization

Among the human impacts affecting sand dunes activity are livestock grazing and
cutting of vegetation by nomadic populations (Meir and Tsoar, 1996; Barth, 1998),
planting of vegetation to stabilize dunes (Liphschitz and Biger, 1997), and disruption
caused by military maneuvers (Al-Dabi et al., 1997) and recreational activities, such
as off-road vehicles (ORVs) and hikers (Curr et al., 2000).

Fig. 6 presents maps of the tracks identified from aerial photographs over an area
of 166 ha located in the Ashdod dunes. From these maps (a similar analysis applied
to an area of military training in Nizanim dunes gave similar results, and is therefore
not shown) it is clear that there is an increase in the density of tracks since the 1960s,
a process that still continues, and known from Mediterranean dunes outside Israel
too (Curr et al., 2000). The higher density of tracks, whether a result of recreational
or military activities, removes vegetation from the track. Itself, but did not lead to
the reactivation of the dunes, for several reasons: (1) vehicle traffic is mostly confined
to linear routes; (2) invasive species (e.g. Acacia saligna) were found to spread faster
in disturbed areas and a linear pattern was found in their advance along tracks
(Cohen et al., 2001); (3) soil compaction along tracks was found to be beneficial for
vegetation in the sand dune habitat (Liddle and Greig-Smith, 1975a, b); (4) stabilized
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Fig. 6. Changes in the tracks’ network as identified from aerial photographs over an area of 166 ha,

Ashdod dunes.
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Mediterranean coastal dunes are highly resistant and recover quickly from the effects
of pedestrian and even vehicle traffic (Kutiel et al., 2001).

Actions taken to stabilize the Ashdod dunes during the British mandate (1920–
1940s) and later by the Jewish National Fund (JNF; during the early 1960s), were
mostly targeted to the eastern part of the dunes, and to the creation of a foredune.
However, it was found that Acacia saligna (planted during the 1960s by the JNF)
does not spread spontaneously to bare sand dunes (Cohen et al., 2001).
Furthermore, stabilization actions cannot explain the reactivation of the dunes,
that took place during the late 1960–late 1970s.

Prior to 1948, there was no control on grazing or the cutting of vegetation by the
local population, and as almost every plant is useful for the Bedouins and Arabs that
lived in the area (either as livestock pasture, or as medicine, building material,
firewood, etc. See Table 3 and Bailey and Danin, 1981), the pressure exerted did not
allow vegetation establishment on the dunes. Israel’s establishment in 1948 brought
with it a drastic decrease in the Bedouin population along the coastal dunes and in
the Negev, from about 70,000 to 11,000 (Abu-Rabia, 1994), and those left were
concentrated under military rule in the northern Negev, in the surroundings of Beer
Sheva (see Fig. 1). Due to the poor state of the natural forests and maquis in Israel
after decades of uncontrolled cutting, fire and grazing, a special law for the
protection of vegetation (goat damages) was passed in 1950 that determined the
allowed density of grazing by goats and forbade it in forest areas and all other places
to be declared by the Ministry of Agriculture. As a result, vegetation cover was able
to recover along the coastal dunes.

The nullification of military rule in 1966 and Israel’s occupation of Sinai and the
West Bank areas in 1967 opened the doors for the Bedouin to pasture their flocks all
over the Negev and the central area of Israel. Formally, free grazing was not
allowed; however, no government ministry was put in charge to replace the military
rule and supervise grazing (State of Israel, 1979). In the mid-1970s a severe drought
in the northern Negev encouraged many of the Bedouin to move northwards. Fig. 7
demonstrates the temporal correspondence between the Bedouin’s livestock size, the
years of drought in the Negev desert and the maximum reactivation of the coastal
dunes.

The damage to vegetation along the coastal dunes (and elsewhere) caused by the
cutting and grazing practices was noted by several of Israel’s Nature and Parks
Authority rangers:

* ‘‘Nizanim dune area is one of the only places along the coasts of Israel, where
sand dunes, kurkar hills and hidden swamps that comprise the unique ecosystems
of the coast have survived, without being disturbed heavily by man for many
years. Now, grazing has returned and in some areas even overgrazing, because of
the invasion of livestock herds from the south that endanger the dunes’ vegetation
and their stabilization’’ (Rabinovitch, 1975).

* ‘‘Nizanim dunes reserve—area of 700 ha y uncontrolled grazing by Bedouin’s
cattle and flock, along with their illegal settlement damages the reserve’’ (Ortal,
1975).

ARTICLE IN PRESS
N. Levin, E. Ben-Dor / Journal of Arid Environments 58 (2004) 335–355 347



A
R
TIC

LE
IN

PR
ES

S

Table 3

Sand dunes’ vegetation uses by Bedouin and their livestock

Plant species Uses

Grazing by livestock Medicine Veterinary medicine Plants as food Other uses

Polygonum Condiment for teaa Windbreak of shrubs

around the tenta

Tamarix aphylla Tent poles,b bowl for

milking camels,a camel

saddlea

Teucrium capitatum The leaves for head

colds, purulent sores

and digestive

problemsa

Artemisia monosperma During the months of

May–Julya
Huts from the

branches,c Windbreak

of shrubs around the

tent,a Insulation for

handle of coffee pota

Capparis spinosa The leaves for head

colds, aches in joints,

limbs and back,

women’s disordersa

Populus euphratica Poles supporting the

center of the tenta

Phragmites australis Flute,a Matsa
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Retama raetam Grazing of young

branches that renew

after being cut downd

Branches and green

leaves for aches in

joints, limbs and backa

Branches and green

leaves for swelling in

camel’s leg

Charcoal,a,e pins that

fasten the roof to the

outer curtain,a

partridge traps,a tent

poles,b insulation for

hand of coffee pota

Ziziphus spina-christi Fruit of the Ziziphusa Boat’s skeletonf

Acacia albida In autumn—the

camels graze the tree

tops, while the goats

graze the lower

branches and

offspringsg

Charcoalg

Ficus sycomorus Fruit of the Ficusa

Phoenix dactylifera Datesa Construction of booth

dwelling in summer,a

baskets,a tent poles,b

tent ropesa

aBailey and Danin (1981).
bKhwaldi (1992).
cDanin (1983).
dBerliner (1979).
eLevi (1983).
fDar (1973).
gOrtal (1976).
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* ‘‘But in the last year spring 1976y along the dunes of Ashdod, Nizanim and
Shikma river, considerable grazing by Bedouin’s livestock of goats, sheep and
camels was observed in autumn time, when migrating from the south to the north.
In this season pasture is scarce and the flocks prefer the Acacia trees that carry
abundant leaves. The camels graze the treetops while the goats graze the lower
branchesy’’ (Ortal, 1976).

In response, a new agency was established under Israel’s Nature Reserves
Authority in 1976 to protect state lands: the ‘‘Green Patrol’’, formally named as the
‘‘Unit for Overseeing Open Spaces’’. Yoel Dov (2001, pers. comm.) who worked in
the Green Patrol estimates that during the 1970s there were about 30 Bedouin
families in the area of Ashdod–Ashkelon. Alon Galili (2001, pers. comm.), the Green
Patrol’s first manager, estimates that the coastal dunes between Tel-Aviv and Gaza
were under grazing pressures from about 10,000 goats, 5000 sheep and 200 camels.

Amendments made in 1977 to the 1950 law determined that grazing in nature
reserves and national parks is forbidden and that rangers who catch illegally grazing
goats will have the power to confiscate and sell them. The Green Patrol has taken
various actions aimed at returning the Bedouin’s flocks to the Negev. For example,
between 1978 and 1992 about 104 operations of goat confiscation were conducted by
the Green Patrol, with more than 10,100 goats captured and sold, most of them
concentrated in the center of Israel during the first year of goat operations—1978
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Fig. 7. Livestock and goat herds sizes of the Bedouin (based on Abu-Rabia, 1994, and other sources),

reports regarding the presence of Bedouins and their herds in the coastal dunes, and annual rainfall in the

northern Negev (Beer Sheva), between the years 1966 and 1980.
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(Galili, 1978). Between 1977 and 1984, some 544,000 sheep, goats and cows were
temporarily caught by the Green Patrol and removed from the areas they invaded
(State of Israel, 1985). The reported operations against illegal grazing in the dunes,
and the following reduction in the Bedouin’s livestock size and in the dunes’ mobility
are clearly evident in Fig. 7.

These and other actions led to a dramatic decrease in the number of flocks held by
the Bedouin (shown in Fig. 7), a drop in the goats population numbers (from 40% to
10% of the total livestock), and to the exit of the Bedouin from the central area of
Israel. Vegetation recovery along the coastal dunes north of Shikma river (south of
Ashkelon) was noted by Nature Reserves Authority ranger Berliner (1979) already in
summer 1979:

* ‘‘y while the tall Retama reatam bushes were cut down until a year ago by
invading Bedouin and their herds, and only now they start to recover after the
pressures of cutting and grazing have been removed’’ (there, p. 6).

* ‘‘Cutting and grazing have stopped during the last year, after the invading herds
were expelled, and already now the local vegetation can be seen to recover.
Retama reatama bushes, that were in the past sought after as firewood and
charcoal while the flocks were grazing the soft offshoots from their bases, have
renewed their growth, although their relative cover in the area is still quite sparse.
Artemisia bushes are also increasing all the time from seeds and covering the front
of the moving sand. These contribute a lot to the dunes’ stabilization and to soils’
enrichment with organic matter, therefore facilitating the establishment of other
species. It’s possible that in a short while it will be possible to observe here a rise in
the relative cover by more developed and species’ rich vegetation associations, as
the Retama–Helianthemum association, and the stabilization of sand in many
places from which vegetation cover was previously removed’’ (there, p. 8).

Indeed, the observed peak in the dunes’ movement between 1974 and 1977
corresponds to the time when the size of the Bedouin’s livestock was at its peak and
to the time of the drought in the Negev (see Figs. 4 and 7), just before the operations
of the Green Patrol began, in 1978.

This historical exploration together with temporal aerial photographs observa-
tions suggests a human reason for the anomaly found in the sand dune movement
and demonstrates that man’s impact on the dune ecosystem is both rapid and
obvious.

4. Summary and conclusions

The use of more accurate methods for georectification of gray-scale aerial
photographs and for measuring dunes’ movement rates allowed us to record subtle
changes in the dunes’ stabilization process. Increasing the spatial and temporal
resolutions enabled for the first time the identification of when and where these
changes occurred. In general, it was found that dune movement decreased over the
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years with an anomaly observed around the late 1960s–late 1970s. None of the
meteorological and environmental factors examined was able to explain this
anomaly or the other declining sand movement trend. Rather, human activities have
a more dramatic and immediate effect on natural ecosystems and provide a more
convincing explanation for the observations made. Among these activities,
recreational pedestrian and ORV traffic seems to cause fragmentation but not to
destabilize the dunes, as they tend to follow fixed lines, and even encourage the
establishment of invading species along them. Based on historical evidences, we
conclude that the combined cutting and grazing practices of the Bedouin led to the
reactivation of Israel’s southern coastal dunes during the 1970s, once military rule
over their area ended and borders between Israel, Sinai, the Gaza Strip and the West
Bank were removed. The establishment of the Green Patrol in 1976 and the changing
grazing laws resulted in a decrease in the size of livestock populations and moved the
Bedouin back from central Israel to the Negev, thereby allowing the vegetation to
recover.

While livestock grazing was perceived in the past as harmful to nature
conservation (the common property problem; see Livingstone, 1977, 1986),
Perevolotsky (1999) claims that the long history of grazing in the Negev (and in
other areas of Israel) converted it into a ‘‘grazing-incorporated system’’, and that the
grazed state is, in fact, the most ‘‘natural’’ state. It may be stated that the
preservation of sand-living flora and fauna and a landscape of mobile sand dunes,
will be greatly facilitated if grazing by Bedouin herds (or other equivalent ecological
processes) will be reintroduced to that area. For certain purposes, such as infiltration
of rain into aquifers underlying the dunes, the dunes’ vegetation cover and state of
mobility are not important, while for other issues (e.g. species richness) stabilization
of the dunes is favorable (as mobile dunes present a habitat poor in nutrients,
supporting fewer species than adjacent habitats receiving the same amount of
rainfall). However, the desired landscape of Israel in general and of the Israeli
coastal dunes in particular (‘‘grazed and mobile’’ or ‘‘ungrazed, vegetated and more
stable’’) is out of the scope of this article (for further discussion, see Kutiel, 2000;
Schorsch, 2002; Kutiel et al., 2003).

In conclusion, it is has been found that historical exploration aided by a series of
aerial photographs may shed light on dune activity, and it was demonstrated that
human impact on the dune ecosystem is remarkably rapid and much more significant
than short-term natural environmental factors.
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