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a b s t r a c t

Biological Soil Crusts (BSCs) are critical components of desert ecosystems worldwide. While all BSCs
significantly modify the surfaces they occupy, the manner in which they affect their environment de-
pends on the composition of the microphytic community. The aim of this paper is to study the hyper-
spectral thermal emissivity signatures of BSCs in order to identify and characterize them in a sand dune
environment. The research was conducted in the northwestern Negev dunes. Measurements of several
types of BSCs and bare soil were obtained using ground hyperspectral thermal sensors. We present an
ability to spectrally separate different types of BSCs from bare sand, and to rank them according to
successional development. Based on this ability, we created a spectral index for the discrimination of
sand and BSCs of different types and applied it to multispectral remote sensing thermal images. This
newly acquired ability to map different BSC types, using remote sensing, may lead to future applications
of habitat and ecological function spatial mapping. We also demonstrate how a fusion of reflective and
thermal data can be used to map different land-cover features in a sand dune environment. Our proposed
thermal index not only discriminates sand and BSCs, but also enhances the signal from limestone pebbles
more than other indices, based on reflective data. Unlike remote sensing in the reflective spectral region,
thermal remote sensing is unconstrained by solar illumination. High resolution emissivity signatures of
land cover are unaffected by environmental variables, as opposed to land-surface temperature that
depends on the time of day and the season.

� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).

1. Introduction

Biological Soil Crusts (BSCs) cover vast regions in drylands
worldwide. BSCs consist of soil granules and various microphytic
communities, including cyanobacteria, algae, mosses, lichens, and
fungi (West, 1990). BSCs are important components in dryland
ecosystems. They are involved in soil stabilization and the pre-
vention of wind and water erosion (Bowker, 2007), carbon and
nitrogen fixation (Burgheimer et al., 2006; Wu et al., 2009), and
hydrological processes (Belnap, 2006), and they have complex in-
teractions with flora (Boeken et al., 2004; Serpe et al., 2006) and
fauna (Bamforth, 2008). While BSCs perform vital ecosystem
functions, differences in species composition and abundance affect
the rate and nature of these functions. Many examples for this can
be found in the literature: for instance, an increase in numbers/

biomass of cyanobacteria increases soil stability (Belnap et al.,
2008). In the absence of mosses and lichens, newly developed
cyanobacterial BSC is very thin and fragile, and thus folds off the
ground when desiccation is rapid (Zaady, 1999). The fixation rates
of carbon and nitrogen are higher in later successional BSCs than in
the earlier successional BSCs (Housman et al., 2006). Nematode
communities were found to be successionally more mature
beneath well-developed, late-successional stage crusts than
beneath immature, early-successional stage crusts (Darby et al.,
2007). Lizards prefer to dig their burrows in fragile, rather than in
hard, BSC (Zaady and Bouskila, 2002). The mechanical resistance to
disturbance by trampling is higher in cyanobacteria than in lichens,
and lichens are more resistant than mosses (Belnap and Eldridge,
2001; Jimenez Aguilar et al., 2009). These examples demonstrate
that in order to understand the condition of a site, it is important to
assess the level of development of BSCs, not just their cover. As
knowledge on the ecological functions of BSCs continues to accu-
mulate, it becomes clearer that the BSCs’ successional level of
development critically influences these functions.
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An assortment of destructive analysis techniques has been
developed for determining the BSCs’ level of development. These
methods include field and laboratory testing, such as measuring
crust thickness using a vernier caliper, and measuring hardness
using a soil penetrometer to evaluate resistance to compressive
force (Guo et al., 2008). These methods assume that the thickness
and hardness of BSCs increase with BSC development. Other labo-
ratory methods are able to infer the BSCs’ successional stage based
on a phospholipid fatty acid, or denaturing gradient gel electro-
phoresis (Ben-David et al., 2011; Zaady et al., 2010), the phytomass
of algae and lichens (West, 1990) or by quantifying chlorophyll,
polysaccharide, and protein content (Zaady and Bouskila, 2002).
While these techniques are all valid and accepted ways of esti-
mating BSCs’ level of development, they all require disturbances of
the soil surface by removing the crust for laboratory analyses.

One way to analyze BSCs without disturbing them is by using
spectroscopy (Zaady et al., 2007). Another advantage of spectros-
copy is the ability to up-scale the ground spectral measurements of
field samples to analyze remote sensing data and to create spatial
maps (Milton et al., 2009; Schaepman et al., 2009). This ability to
extend site-specific ecological studies to a regional scale reduces
the time and cost associated with ground surveys. Previous studies
have demonstrated that BSCs possess unique spectral-phenological
characteristics in the visible, near-infrared and short-wave infrared
(VIS-NIR-SWIR; 0.4e2.5 mm) (Karnieli et al., 2001, 2002). This
enables the use of spectroscopy and remote sensing to map their
distribution in relation to microphytic vegetation and bare soil
(Karnieli, 2003). Several indices were used to identify
cyanobacteria-dominated BSCs (Karnieli, 1997; Moghtaderi et al.,
2011) and lichen-dominated BSCs (Chen et al., 2005), using multi-
spectral remote sensing. Other studies used hyperspectral imagery
for mapping BSCs. These studies only identified BSCs as distin-
guished from other land-cover types (Weber et al., 2008) or clas-
sified different treatments, such as irrigation and disturbance
(Ustin et al., 2009). While these previous studies employed
reflectance spectroscopy to this end, thermal infrared (TIR) data has
rarely been used to study BSCs.

Remote sensing of BSCs in the TIR has been previously accom-
plished using just one or two wide spectral bands in the long-wave
infrared (LWIR) spectral region (8e12 mm). These studies have
shown differences in land surface temperature between crusted
sand dunes and bare sand (Qin et al., 2001, 2002), and demon-
strated that this phenomenon occurs since BSCs have a higher
emissivity than bare sand (Qin et al., 2005). These emissivity
measurements were performed using just one wide band covering
8e14 mm. Therefore, to the best of our knowledge, the emissivity
spectra of BSCs have not been measured using high spectral
resolution.

In recent years, LWIR remote sensing development has followed
a progression toward higher spectral resolution in the drive toward
identifying materials based on their emissive spectra (Collins,
1996). The Thermal Infrared Multispectral Scanner (TIMS) (Kahle
and Goetz, 1983) and, later, the hyperspectral Spatially Enhanced
Broadband Array Spectrograph System (SEBASS) have been suc-
cessfully used to map a variety of rocks and minerals (Kirkland
et al., 2002; Vaughan et al., 2003, 2005). Field and laboratory
LWIR spectra of vegetation produced useful information about leaf
chemistry and structure. In contrast with VIS-NIR-SWIR data, TIR
spectral information is more species specific, and the applications,
therefore, are different (Ribeiro da Luz and Crowley, 2007). SEBASS
is the first instrument to achieve the necessary data quality for
discerning TIR spectral features in plants, and to identify a variety of
plant species (Ribeiro da Luz and Crowley, 2010). However, the
mapping of BSCs’ successional level may prove to be easier than
that of higher vegetation species, because of less volume scattering

than in tree canopies that constrains species identification (Ribeiro
da Luz and Crowley, 2007; Ribeiro da Luz and Crowley, 2010) and
less volume scattering than in powder minerals (Salisbury and
Wald, 1992). This means that BSCs’ LWIR spectra are expected to
be less noisy for the same species. One study has shown that li-
chens’ spectra have a remarkably uniform curved shape that ap-
pears related to lichen texture (Salisbury and D’Aria, 1992). LWIR
spectroscopy and remote sensing possess several advantages over
the traditional reflective part of the spectrum. This technology is
unconstrained by solar illumination, thus enabling data collection
at night, or under cloud and smoke cover. In addition, the LWIR
spectral region is better suited for the exploration of certain ma-
terials. For example, quartz does not provide any usable feature in
the VIS-NIR-SWIR wavelength region. However, in the LWIR, quartz
displays a broad emissivity doublet between 8 and 10 mm (Eisele

Fig. 1. (A) MODID false color regional image (RGB ¼ 2,1,4) of the research site acquired
on Feb. 4, 2012. The Northern Sinai dune field is shown to cross the IsraelieEgyptian
political border into the northwestern Negev. The red rectangle represents the foot-
print of Fig. 1B; (B) Landsat-5 false color image (RGB ¼ 4,3,2) of the research site (path
174, row 39) acquired on Jun. 14, 2000. The thick lines mark the dune incursion
corridor classification (Roskin et al., 2011b). The isohyets represent the mean annual
rainfall for 1986e2006 (Siegal et al., 2013). The green rectangle represents the foot-
print of the images displayed in Figs. 5e7. The IsraeleEgypt border line is evident from
the sharp brightness contrast between the Negev and Sinai. This contrast is the result
of different land-use management: the prevention of anthropogenic pressures has
allowed Biological Soil Crusts (BSCs) to establish and stabilize the dunes in the Negev,
while grazing and trampling in Sinai prevent BSC establishment and maintain the
dunes in a mobile state, and covered mostly by bright bare sands. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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et al., 2012). Therefore, it seems that multispectral and hyper-
spectral LWIR remote sensing is suitable for measurements of BSCs
on a quartz-based substrate.

Hence, the primary aim of this paper is to explore the spectro-
scopic features of BSC in the LWIR in a desert dune environment.
Specific objectives are:

1. To characterize the spectral signatures of different Biological Soil
Crusts using emission spectroscopy in the TIR region, with
respect to dune sand.

2. To develop a spectral crust index based on LWIR data and
compare its performance to the original crust index based on
reflective data (Karnieli, 1997).

3. To demonstrate the advantage of using high spectral resolution
LWIR remote sensing over mono/dual band methods.

4. To explore the potential for data fusion of reflective and TIR data
for land-cover mapping.

2. Material and methods

2.1. Study area

The northwestern Negev dunes are a part of the northern Sinai
erg, split only by the political IsraeleEgypt border (Fig. 1) (Roskin
et al., 2011a). Due to the geopolitical circumstances, access to the
Egyptian side is restricted, making remote sensing a valuable
research tool. While the linear dunes are transected by the border,
there are no differences in geology or climate between its two sides.
The only difference is the land-use policy implemented by both
countries: after the border was last closed in 1982, human-induced
activity on the Israeli side has subsided, while on the Egyptian side,
Bedouin pastoralists continue grazing and wood gathering activ-
ities (Karnieli and Tsoar, 1995; Tsoar et al., 2008). Grazing by sheep,
goats, and camels in Sinai, and, in particular, the trampling on the
dune surface have inhibited the establishment of BSCs. Therefore,
the dunes in Sinai are active shifting sands. On the Israeli side of the
border, the sparse anthropogenic activity has allowed BSCs to
establish themselves on the dunes, fixing them, leaving only a small
active portion on the dune crest. Since most of the surface on the
Negev side is composed of BSCs, and most of the surface on the
Sinai side is covered by sand (Qin et al., 2006), a brightness contrast
is visible in satellite images of reflective spectral data (Tsoar and
Karnieli, 1996). This contrast in land cover has also created a ther-
mal anomaly; since the emissivity of BSCs is higher than that of
sand, the Negev dune field can be as much as 4 �C warmer than the
Sinai side of the border (Karnieli and Dall’Olmo, 2003). However, at
night as the temperature equalizes on both sides of the border, this
temperature contrast disappears (Qin et al., 2002).

The study area is characterized by mean monthly temperatures
ranging from 9 �C in January to 27 �C in August, and a sharp rainfall
gradient from below 100 mm in the south to above 140 mm in the
north, over a distance of 30 km (Siegal et al., 2013). Dune
morphology is not consistent over the entire region as three
incursion corridors, each characterized by different morphologies,
can be classified (Roskin et al., 2011b): the northern corridor is
characterized by low, vegetated linear dunes with wide interdune
areas; the central corridor is characterized by high, vegetated linear
dunes with some crescentic dunes connecting them in the inter-
dune areas; the southern corridor is characterized by high, vege-
tated linear dunes, composed of sand that is more reddish than the
sand in the former unit and without any crescentic dunes in the
interdune area. Fig. 1B displays the precipitation gradient along
with the dune incursion corridors. Past dune encroachment from
the Northern Sinai Peninsula into the northwestern Negev dammed

wadis and formed unique shallow standing water bodies in the
southern and eastern dunefield fringe (Magaritz and Enzel, 1990).
The ponded water extended upstream and into interdune spaces,
depositing whitish-gray paludal sediments that are easily dis-
cerned in the field and from the air by their brightness and flat
appearance. These areas will be referred to as “playas”. Since the
development of BSCs is affected bymoisture availability, BSCs in the
north are more developed than those in the south. The dunes’
topography and orientation create a micro-meteorological effect on
the development of BSCs, such that the BSCs on the northern slopes
are more developed than those on the southern slopes and inter-
dune areas. BSCs’ species classification has been described else-
where in the literature (Büdel and Veste, 2008; e.g. Karnieli et al.,
1999; Veste et al., 2001). More recent studies have found differ-
ences in vegetation cover between the two sides of the border with
about 16% vegetation cover in the Negev and 6% in Sinai (Qin et al.,
2006; Seifan, 2009). In the Negev’s northern and central incursion
corridors, vegetation cover is about 10e20% while in the southern
corridor, only 5e13% (Siegal et al., 2013).

2.2. Ground spectral measurements

50 BSCs and sand samples were collected from the Negev sand
dunes. BSCs were collected from northern slopes, southern slopes,
and interdune areas, while sand was collected from dune crests.
Note that the latter samples also represent the Sinai sands. Samples
were collected from the southern and central incursion corridors.
Physical crust from the playas in the southern incursion corridor
was also collected. The SR-5000 spectroradiometer was used to
measure the samples (Cabib et al., 2004). The measurement took
place outdoors on a warm summer day, with a clear sky. Prior to
measurement, the dry samples were placed in the sun to warm up.

Fig. 2. (A) Sand and Biological Soil Crusts samples laid out in the sun to warm up.
Warming up the samples prior to measurement increases the target signal; (B) The SR-
5000 spectroradiometer; (C) An apparatus used to tilt the samples towards the spec-
troradiometer. The tilt angle must be lower than 33� in order to keep the sand from
spilling over. A silver-coated mirror used to measure the sky irradiance is placed on top
of the tilted surface; (D) The SR-5000 operated from a hanger and pointed towards a
target sample.

O. Rozenstein, A. Karnieli / Journal of Arid Environments 112 (2015) 75e86 77



This was intended to increase the signal emitted by the samples,
and also to bring the samples to thermal equilibrium and reduce
any thermal gradients with the environment. Since the SR-5000
cannot be tilted to view the ground at nadir, it was only tilted
down at about 15�. In order to tilt the samples toward the spec-
troradiometer aperture, without spilling the sand, we placed them
on a sloped surface with a tilt of approximately 25� relative to the
floor (Fig. 2). The spectroradiometer was calibrated against a
blackbody target at 45 �C and an internal blackbody at ambient
temperature to produce the measured signal in radiance units. The
spectral radiance for each sample (Lmeas(l)) was produced by
averaging 30 readings. In order to convert the samples’ radiance
into emissivity, the sample temperature was estimated by fitting
Planck blackbody radiance curves (LBB(l,T)) to the samples’ radiance
curves while iterating the blackbody temperature (T) until the
target radiance curve was just under the blackbody radiance curve:

LBBðl; TÞ ¼ 2hc2=l5
�
e

kc
lkT � 1

�
(1)

where: h is the Plank’s constant (6.626,10�34 J$s), c is the speed of
light (2.99 msec�2), and K is the Boltzmann constant (1.38,10�23 J).

The temperature estimates were compared to kinetic temper-
ature measurements by a thermocouple taken just before each
reading, and were found to be accurate to about 1 �C. The down-
welling sky radiance (LDW(l)) was derived by measuring a silver-
coated mirror. Thus, sample emissivity ( 3T(l)) was calculated ac-
cording to Horton et al. (1998):

3T ðlÞ ¼ LmeasðlÞ � LDW ðlÞ
LBBðlÞ � LDW ðlÞ (2)

The spectral radiance of the atmospheric path between the
target and the instrument was neglected since the path distance
was relatively short (<10 m).

Based on the samples’ emissivity spectra, an index was created
to differentiate between the sand and BSCs at different successional
levels. This index will be referred to hereafter as the Thermal Crust
Index (TCI). Although the derivation of the TCI was based on
hyperspectral signatures, we only used two bands to formalize the
index since the remote sensing images available to us were mul-
tispectral (discussed in the next two sections).

2.3. Spaceborne images

The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) sensor is an imaging instrument flown on the
Terra satellite that was launched in December 1999. ASTER is a
cooperative effort between NASA and Japan and has been designed
to acquire land surface temperature, emissivity, reflectance, and
elevation data (Kahle et al., 1991). ASTER has multispectral TIR ca-
pabilities, with five bands in the LWIR region, at a spatial resolution
of 90 m. Relatively cloud-free ASTER images over the research area,
from both day and night, are available. We used a Level-2B AST_05
Surface Emissivity product. This product is produced from the five
atmospherically corrected LWIR ASTER bands through the
Temperature-Emissivity Separation (TES) algorithm (Gillespie et al.,
1998). Since the spatial resolution of the product is only 90 m,
mixing of different land covers (i.e., bare sand, vegetation, BSCs of
different successional stages, etc.) occurs within each pixel. For this
reason, no pure spectral signatures can be extracted from the im-
age, making it difficult to directly compare observations of each
distinct land-cover type. However, due to the fact that the majority
of land cover on the Israeli side is BSCs, and the majority of land
cover on the Egyptian side is bare sand, it was possible to make a
comparison between the two sides of the border. To account for

differences in BSC development, we sampled three pairs of poly-
gons along the rain gradient, one pair in each of the dune incursion
corridors. In addition, we examined both day and night surface
emissivity products, and applied to them the newly formalized TCI.
Even though it is doubtful that the sparse vascular vegetation will
change the pixel signature very much, its effect on the emissivity
observed from space was minimized by using images from the end
of summer. In this season, the vegetation cover is minimal since
perennial plants are dominant, the annual vegetation has dried up,
and much of the plant litter has been blown away by the wind.

2.4. Airborne images

DAIS-7915 images were acquired over Israel on August 2nd 1997
around noontime (Ben-Dor et al., 2002). The image we processed is
of an area over the Negev Desert, close to the border at the southern
dune incursion corridor. The sensor is a hyperspectral sensor for the
VIS-NIR-SWIR region with 72 spectral bands between 0.5 and
2.5 mm. In the TIR region, the sensor has seven multispectral bands,
out of which six are in the LWIR. Unfortunately, calibration of the
DAIS image taken over the research area in the northwestern Negev

Fig. 3. LWIR spectral signatures of sand and soil crusts from (A) the southern dune
incursion corridor imposed on top are the ASTER and DAIS bands used in the formu-
lation of the Thermal Crust Index (TCI); (B) The central dune incursion corridor.
Imposed on top are the ASTER and DAIS bands used in the formulation of the Thermal
Crust Index (TCI).
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dunes was not achieved due to issues with the instrument cali-
bration to radiance, and the lack of ground spectral measurements
during the time of image acquisition. As a result, the DAIS image
was processed as raw digital numbers (DN) data without calibrat-
ing them to reflectance and emissivity. Therefore, we will treat
these data as a visualization aid, and use them to perform cate-
gorical classification, rather than for chemometrics. The Crust Index
(CI) (Karnieli, 1997), Normalized-Difference Vegetation Index
(NDVI) (Tucker, 1979), and the newly formalized TCI were applied
to the DAIS image. Five land-cover classes (pebbles, playa, sand,
vegetation, and BSCs) were classified from each combination of the
indices, using a maximum likelihood classifier.

A set of 500 randomly sampled points was interpreted from an
orthophoto and used for an accuracy assessment of the classifica-
tion products. Each classification product was assessed using an

errormatrix (Congalton and Green, 2008). Accuracymeasures, such
as overall accuracy and Kappa statistic, were calculated for every
error matrix. To assess the accuracy of specific categories, we
calculated the user’s accuracy, producer’s accuracy, and the con-
ditional Kappa coefficient. We used the approximate large sample
variance of both the Kappa statistic and the conditional Kappa
statistic for every category to estimate their variance. The variance
estimations were used to calculate confidence intervals, and to
determine if one classification is significantly more accurate than
another by performing a two-tailed Z-test with a ¼ 0.05.

3. Results and discussion

3.1. Emissivity signatures of BSCs from ground spectral
measurements

The spectral emissivity of bare sand, physical crust from playa,
and of several BSC types from the southern dune incursion corridor
are presented in Fig. 3A. Apparently, sand has the lowest emissivity.

Fig. 4. (A) ASTER-derived night surface emissivity (Sep. 20, 2005, RGB ¼ 11,12,14); (B)
Thermal Crust Index (TCI) derived from Fig. 4A; (C) ASTER-derived day surface emis-
sivity (Oct. 23, 2004, RGB ¼ 11,12,14). The polygon pairs were chosen from each of the
three dune incursion corridors in order to compare the spectral signatures of both
sides of the border; (D) TCI for day time derived from Fig. 4C; (E) Emissivity signature
comparison according to the polygons marked on the image in Fig. 4C. The polygons on
the Egyptian side of the border display very similar spectral emissivity signatures that
are lower than those displayed on the Israeli side of the border.

Fig. 5. False color composite of DAIS (RGB ¼ 18,10,1, NIR, red, green). The frames on the
image are examples of each of the five main classes of land cover. The sand example is
of a scar made by a tractor that scraped the interdune area the day before the image
was acquired. The tractor removed the BSCs from that portion of the image, and
exposed the sand underneath them; therefore, the pixels in that area are of pure bare
sand. Other pure sand pixels can be found on the dune crests, stretching from west to
east. Limestone pebbles are found on the bottom of the wadi (crossing at the top of the
scene). Vegetation patches are found all over the scene: on dune crests, on the dune
slopes, and interdune areas. The largest and most obvious vegetation patches are in
and around the wadi. Playas occupy some of the interdune spaces where highly car-
bonatic paludal loam sediments were deposited due to dunes damming the wadi,
creating the water ponds. This whitish-gray paludal sediment has a distinct spectral-
mineralogical signature that contrasts with the surrounding sand and BSCs. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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This finding corroborates findings by Qin et al. (2002) who showed
that sand has a lower emissivity than BSCs. Our hyperspectral
measurements add to themono-bandmeasurements performed by
Qin et al. (2002) by enhancing specific spectral features. The main
quartz feature in this range is a doublet at 8e10 mm. At this range,
all BSC samples still possess the doublet feature, but its depth dif-
fers: BSCs of the southern face and the interdune area, which are
the least developed BSCs, display emissivity in the mid-range be-
tween the sand and thewell-developed BSCs of the northern face. It
appears that as the crust grows more developed and gains more
biomass, it attenuates the signal from the quartz grains. The
physical crust extracted from the playa shows a similar effect, since
it is composed of clay minerals. Therefore, the clay particles on the
surface of the playa display a higher emissivity than the silicate
sand of the dune crest. This difference between quartz and clay
minerals corroborates the findings of Vaughan et al. (2003) who
showed this difference in hyperspectral LWIR imagery.

The spectral emissivity values of bare sand and several BSC types
from the central dune incursion corridor are presented in Fig. 3B.
These BSCs are more mature and developed than the BSCs of the
southern corridor, and their emissivity values are accordingly
higher, when comparing the same aspects of both locations.
However, when we compare the different aspects of the central
incursion corridor, we observe the same trend as in the southern
corridor: sand presents the lowest emissivity with a clear doublet
that is attenuated in BSC samples in direct relation to the BSCs’ level
of development. The least developed BSCs of the southern slope
present emissivity values in the mid-range between the sand and
the well-developed BSCs of the northern slopes. The emissivity
spectrum from BSCs of the interdune areas is similar to the emis-
sivity signature of BSCs from the southern slope, but slightly higher.
BSCs from the northern slopes present two types of patches: those
that are dominated by cyano-lichens, and those that are dominated

by moss. Both BSC types show very high emissivity values, with
almost complete masking of the quartz doublet feature.

This ability to determine the succession trends of microphytic
communities and to rank BSCs on these scales opens the door for
ecological applications. Knowledge regarding the effects of BSCs’
community composition on various ecosystem functions could be
used to model these functions with respect to soil surface spectra.
For instance, once models are derived, functions, such as ground
stabilization and mechanical properties, could be estimated from
the spectra, without the need for any destructive analysis. Another
possible use for spectral knowledge coupled with ecosystem
functions is the mapping of different habitats within an ecosystem
based on the surface spectra. While these applications exceed the
scope of this paper, future studies might employ the techniques
presented here for similar purposes.

3.2. Implementation of Thermal Crust Index (TCI)

Our goal was to create a spectral index for the discrimination of
sand and BSCs of different types that can be successfully applied to
multispectral remote sensing LWIR data. It became apparent that
the slope between the emissivity minimum at 8.8 mm and the
shoulder feature at 10.2 mm changes according to the BSCs’ level of
development with a very high slope for sand and gradually
decreasing slopes, as BSC becomes more mature. This discrimina-
tive slope feature remained even when the hyperspectral resolu-
tion was degraded to a DAIS or ASTER resolution. Therefore, we
used twomultispectral bands centered at the two ends of this slope
to define a normalized difference index:

TCI ¼ 31 � 32

31 þ 32
(3)

Fig. 6. (A) Crust index (CI); (B) Normalized Difference Vegetation Index (NDVI); (C) Thermal Crust Index (TCI). CI and TCI both discriminate sand from Biological Soil Crusts (BSCs)
well, but they differ in their ability to discriminate between other classes. While both CI and TCI only moderately discriminate between vegetation and playas, the NDVI is able to
perform this discrimination much better. TCI also identifies limestone pebbles very well. Note that for the purpose of presentation, high values in both CI and TCI signify low crust
signal.
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where 31 and 32 for ASTER are the emissivity at bands 13 and 12,
respectively. When implementing the index for the uncalibrated
DAIS image, we used the DN values for bands 76 and 75, respec-
tively. Fig. 3A and B show the spectral resolution difference be-
tween the ASTER and DAIS bands. The ASTER bands are wide and
slightly overlap, while the DAIS bands are narrower with no
overlap.

3.3. Regional scale emissivity measurements using ASTER thermal
imagery

The contrast in the emissivity spectrum between the two sides
of the border is demonstrated for both day and night images. When
the TCI is implemented for the ASTER images, the contrast between
the two sides of the border is very clear for both day and night
images (Fig. 4). This is an advantage of multispectral emissivity
products over temperature products. It was previously demon-
strated by Qin et al. (2002) that the temperature contrast disap-
pears during the night. However, the emissivity contrast remains,
day and night, as we demonstrate here.

When comparing the two sides of the border (Figs. 4C and E), we
demonstrate that the Egyptian side presents lower emissivity than
the Israeli side. This is expected, as most of the surface in Sinai is
covered by bare sand, and most of the surface in the Negev is
covered by BSCs. The contribution of vascular vegetation to the
emissivity contrast is assumed to be lesser than that of BSC cover,
since the vegetation cover is very low on both sides. The slightly
higher amount of vegetation cover in the Negev, relative to the
cover in Sinai (Qin et al., 2006; Seifan, 2009), could contribute to
the higher Negev emissivity values. The three polygons on the
Egyptian side present very similar signatures, while the northern
Negev polygonpresents a slightly higher emissivity than the central
and southern polygons. We propose two drivers for the higher
emissivity in the northern Negev: first, the BSCs are of later suc-
cessional stages as precipitation increases towards the northern
section of the research area. Thus, the BSCs in the north have a
higher emissivity. Second, the proportions of land-cover compo-
nents change in such a way that they affect the polygon signature:
i.e., a larger fraction of BSCs and less bare sand. In addition, the
dunemorphology in the northern incursion corridor is significantly
different and leads to a smaller proportion of exposed active sand.
Higher precipitation could also lead to an increase in vacuolar
vegetation coverage. However, Siegal et al. (2013) show that the
vegetation cover amounts in both the northern and central incur-
sion corridors are similar (10e20%), while in the southern corridor,
the vegetation cover is lower (5e13%). Therefore, we are able to
exclude the differences in vascular vegetation cover as a cause for
the emissivity difference between the northern and central corri-
dors. We are able to show that the spectral differences between the
two sides of the border, as measured by satellite, are as expected
and correspond well to our ground sample measurements.

3.4. Data fusion of different spectral regions from DAIS imagery for
land-cover classification

The DAIS image has a spatial resolution of 1m2, and therefore, we
can recognize and discriminate specific objects, such as vegetation
patches, dune crests, roads, wadis, etc. Fig. 5 displays a false color
composite of the DAIS scene with specific regions of interest per-
taining to the fivemain land-cover classes in the scene. The footprint
of this image ismarked inFig 1B.Unlike classic false color composites,
the vegetation in this image is not displayed in red. This phenomenon
wasexplainedbyPinkerandKarnieli (1995)who showed that theNIR
spectral reflectance of desert perennial bushes is very low in com-
parison to the green vegetation of non-arid regions (Pinker and

Karnieli, 1995). At the time of the DAIS image acquisition towards
the end of the summer, these desert bushes appeared in grayish-
green tones and not vibrant green as is the vegetation in non-arid
areas. The red rectangle in Fig. 5 is a strip of bare sand, uncovered
by a tractor that scraped the interdune area on the day before the
flight, thus removing all of theBSC from the surface. Fig. 6 displays the
three indices: CI, NDVI, and TCI. Each of these indices excels at
enhancing different cover types. While both CI and TCI enhance the
discrimination of sand from BSCs, it appears that CI can help to
recognize vegetation patches slightly better than TCI. However, TCI
has the ability to distinguish the limestone pebbles at the wadi
infrastructure.NDVI seemstoexcel atenhancing thevegetationsignal
and also at distinguishing playas from their surroundings. A combi-
nation of all three indices into one image that serves as avisualization

Fig. 7. Pseudo-color map showing the relative distribution of CI, NDVI, and TCI within
the domain. The meaning of the colors is given in a ternary diagram. This band
combination is particularly useful for visually discriminating between the different
land-cover classes: vegetation patches are shown as yellow, pebbles as red, playa as
purple, Biological Soil Crust (BSCs) appear in pink, and sand in blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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aid is presented in Fig 7. The three-index composite greatly enhances
our ability to discern the different land-cover classes.

To quantify the advantage of each index by itself and of every
index combination, we have classified each index combination.
Confusionmatrices for the classification of every index combination
are presented in Table 1. Classification accuracy measurements, in
the form of an overall Kappa statistic and a conditional Kappa

statisticwith 95% confidence intervals of all the index combinations,
are presented in Fig. 8. A complementary analysis of Z-tests for every
pair of overall Kappa statistics and conditional Kappa statistics, to
determine whether they are significantly different from each other,
is presented in Table 2. The results indicate that a combination of all
three indices is always significantly better in terms of classification
accuracy than anyother indexcombination. TCI is superior to each of

Table 1
Error matrices for classification of: (A) CI þ NDVI þ TCI; (B) CI þ NDVI; (C) NDVI þ TCI; (D) CI þ TCI; (E) CI; (F) NDVI; (G) TCI.

Pebbles Playa BSC Vegetation Sand Sum User’s accuracy

A
Pebbles 55 29 13 3 0 100 55.00%
Playa 8 82 8 1 1 100 82.00%
BSC 1 0 99 0 0 100 99.00%
Vegetation 0 0 2 98 0 100 98.00%
Sand 0 1 2 0 97 100 97.00%
Sum 64 112 124 102 98 431
Producer’s accuracy 85.94% 73.87% 79.84% 96.08% 98.98%
B
Pebbles 41 40 43 60 16 200 20.50%
Playa 8 36 7 6 6 63 57.14%
BSC 7 16 66 9 6 104 63.46%
Vegetation 3 7 2 16 3 31 51.61%
Sand 5 13 6 11 67 102 65.69%
Sum 64 112 124 102 98 226
Producer’s accuracy 64.06% 32.14% 53.23% 15.69% 68.37%
C
Pebbles 15 10 2 15 5 47 31.91%
Playa 28 55 25 37 10 155 35.48%
BSC 3 10 78 5 7 103 66.00%
Vegetation 13 27 10 35 10 95 36.84%
Sand 5 10 9 10 66 100 75.73%
Sum 64 112 124 102 98 249
Producer’s accuracy 23.44% 49.11% 67.35% 34.31% 62.90%
D
Pebbles 22 16 5 18 6 67 32.84%
Playa 17 57 29 27 11 141 40.43%
BSC 9 19 81 12 3 124 70.00%
Vegetation 11 9 5 35 8 68 51.47%
Sand 5 11 4 10 70 100 65.32%
Sum 64 112 124 102 98 265
Producer’s accuracy 34.38% 50.89% 71.43% 34.31% 65.32%
E
Pebbles 36 29 40 60 13 178 20.22%
Playa 7 28 39 5 7 86 32.56%
BSC 14 37 35 16 6 108 64.15%
Vegetation 2 4 2 10 4 22 45.45%
Sand 5 14 8 11 68 106 32.41%
Sum 64 112 124 102 98 177
Producer’s accuracy 56.25% 25.00% 69.39% 9.80% 28.23%
F
Pebbles 23 40 50 34 14 161 14.29%
Playa 14 25 5 10 5 59 42.37%
BSC 6 6 15 9 6 42 34.27%
Vegetation 5 19 4 20 12 60 33.33%
Sand 16 22 50 29 61 178 35.71%
Sum 64 112 124 102 98 144
Producer’s accuracy 35.94% 22.32% 62.24% 19.61% 12.10%
G
Pebbles 9 4 0 12 3 28 32.14%
Playa 29 62 61 61 25 238 26.05%
BSC 4 12 49 6 4 75 66.67%
Vegetation 18 24 7 13 4 66 19.70%
Sand 4 10 7 10 62 93 65.33%
Sum 64 112 124 102 98 195
Producer’s accuracy 14.06% 55.36% 63.27% 12.75% 39.52%

Overall Classification Accuracy (A) ¼ 86.20%.
Overall Classification Accuracy (B) ¼ 45.20%.
Overall Classification Accuracy (C) ¼ 49.80%.
Overall Classification Accuracy (D) ¼ 53.00%.
Overall Classification Accuracy (E) ¼ 35.40%.
Overall Classification Accuracy (F) ¼ 28.80%.
Overall Classification Accuracy (G) ¼ 39.00%.
The sum of rows and columns are marked in bold. Correctly classified samples are marked in italics. The total sum of all correctly classified samples are underlined.
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the other two indices separately for the classification of BSCs. The
combinations of TCI with NDVI or CI yield similar BSC classification
accuracy to NDVI þ CI and to TCI by itself. The combination of all
three indices is synergetic since near perfect accuracy is achieved for
BSC classification. Other results are obtained for the vegetation
class: NDVI is not significantly more accurate than each of the other
indices by itself, or the combinations of NDVI with each of them.
However, the combination of CI þ TCI is more accurate for the
vegetation class than NDVI by itself, and similar in accuracy to
NDVI þ TCI and CI þ NDVI. The similarity between the vegetation
class and the BSC class is expressed by the synergy between all three
indices that leads to near perfect classification accuracy in the

vegetation class. The sand class is characterized by lowclassification
accuracy when classifying NDVI, and medium classification accu-
racy for all other combinations except for the three-index combi-
nation that results in near perfect classification accuracy. Pebbles
and playa are the two least accurately classified categories, as they
are often misclassified, with great confusion between each other in
all classifications. These two land-covers types are the brightest in
the scene, and it is possible that another classificationmethod could
have achieved better accuracy for them as well. More spectral in-
formation, such as a hyperspectral SWIR-based index, might prove
to be beneficial for this task, since the signatures of calcite and
different clayminerals differ in that spectral region. Regrettably, the

Fig. 8. Accuracy measures for entire error matrices (A) and for specific classes (BeF). The error bars represent a 95% confidence interval. The overall Kappa statistic represents the
accuracy of the entire error matrix in comparison to a random error matrix, or a random classification. The conditional Kappa statistic represents the accuracy of a single class.
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DAIS SWIR bands are too noisy to extract this spectral data. Never-
theless, the three-index combination exhibited its synergetic qual-
ities with classification accuracy for the pebble and playa classes as
well, being significantly more accurate than any other index com-
bination. Since this combination is repeatedly better than any other
combination for all classes, we can conclude that fusion of the
different spectral regions provides complementary information that
improves our classification abilities in this desert environment.

4. Summary and conclusions

� High spectral resolution measurements of BSCs, sand, and
physical crust were characterized. It was found that BSCs have
different spectral signatures than silicate sand in the LWIR
spectral region. It was demonstrated that as BSCs’ succession
advances and the microphytic community is more mature, the

quartz doublet at the area of 8e10 mm is attenuated. It was also
demonstrated that this feature was attenuated for physical
crust, since physical crusts are composed of fine particles of clay
minerals.

� The ability to rank BSCs’ successional maturity, using spectros-
copy, may lead to the modeling of ecosystem functions and the
estimation of parameters from spectroscopic measurements, in
a non-destructive manner.

� TCI was developed for use with multispectral remote sensing
LWIR data to discriminate sand from BSCs of different maturity
levels. While it is clear that TCI serves well to discriminate be-
tween sand and BSC, we have only been able to show its abilities
to classify different BSCs using ground spectroscopy. We have
not been able to upscale that ability and show that TCI can
discriminate between different types of BSCs using remote
sensing imagery, since the DAIS image was not radiometrically
calibrated, and the pixel size of the ASTER image is too coarse. It

Table 2
Results of Z-tests for determination of whether the individual confusion matrices are different from one another: (A) overall Kappa statistic; (B) conditional Kappa statistic of
the pebble class; (C) conditional Kappa statistic of the playa class; (D) conditional Kappa statistic of the Biological Soil Crust (BSC) class; (E) conditional Kappa statistic of the
vegetation class; (F) conditional Kappa statistic of the sand class. Each value in the matrices represents the test statistic for a single Z-test conducted between classification of
the index combinations listed in the row and column margins. Significant results for a ¼ 0.05 are marked in bold.

CI þ NDVI þ TCI CI þ NDVI NDVI þ TCI CI þ TCI CI NDVI TCI

A
CI þ NDVI þ TCI **
CI þ NDVI 14.72 **
NDVI þ TCI 13.60 0.89 **
CI þ TCI 12.44 1.95 1.06 **
CI 18.58 3.17 4.06 5.14 **
NDVI 21.07 5.14 6.02 7.12 1.95 **
TCI 17.03 2.57 3.42 4.46 0.47 2.35 **
B
CI þ NDVI þ TCI **
CI þ NDVI 7.00 **
NDVI þ TCI 2.95 1.70 **
CI þ TCI 3.21 2.20 0.11 **
CI 6.92 0.09 1.73 2.21 **
NDVI 8.11 2.07 2.61 3.26 1.88 **
TCI 2.37 1.33 0.02 0.07 1.35 2.03 **
C
CI þ NDVI þ TCI **
CI þ NDVI 3.59 **
NDVI þ TCI 9.68 3.26 **
CI þ TCI 8.27 2.46 1.07 **
CI 8.47 3.31 0.53 1.39 **
NDVI 5.63 1.76 1.02 0.28 1.31 **
TCI 13.39 5.02 2.57 3.64 1.32 2.58 **
D
CI þ NDVI þ TCI **
CI þ NDVI 8.02 **
NDVI þ TCI 5.52 2.06 **
CI þ TCI 8.17 0.32 1.82 **
CI 16.19 5.28 7.57 5.82 **
NDVI 23.18 5.53 8.29 6.25 0.70 **
TCI 7.70 0.31 1.76 0.00 5.64 5.97 **
E
CI þ NDVI þ TCI **
CI þ NDVI 5.27 **
NDVI þ TCI 13.32 1.52 **
CI þ TCI 8.01 0.01 2.05 **
CI 5.02 0.45 0.77 0.51 **
NDVI 11.12 1.76 0.49 2.27 1.03 **
TCI 16.39 3.25 2.71 4.37 2.27 1.88 **
F
CI þ NDVI þ TCI **
CI þ NDVI 6.72 **
NDVI þ TCI 6.77 0.05 **
CI þ TCI 6.05 0.72 0.68 **
CI 7.26 0.25 0.31 0.99 **
NDVI 8.13 3.62 3.67 4.16 3.47 **
TCI 5.24 0.14 0.10 0.48 0.36 3.47 **
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is expected that future studies, using LWIR images of better
radiometric quality and a higher spatial resolution, would be
able to successfully classify several BSC types.

� TCI was compared with CI in the same desert dune environment
in which CI was developed. It was found that TCI enhances the
signals of BSCs and of limestone pebbles more than CI, while CI
was slightly more sensitive for vegetation. CI and TCI equally
enhanced the signal of sand. They were both found to be rela-
tively insensitive to the signals of physical crusts at the playa
surface.

� The fusion of information from different spectral regions was
proven to be extremely productive, as each spectral region
contains complementary information, and their combination
greatly enhances our ability to perform a surface cover analysis.
The combination of CI and TCI that are suitable for enhancing
the signals of BSCs, sand, and limestone pebbles, with NDVI that
is suitable for enhancing vegetation and playa signals enables
very accurate land-cover classification, especially for BSC, sand,
and vegetation classes.

� Presentation of CI, NDVI, and TCI as a pseudo-color image is very
convenient for land-cover interpretation and analysis.

� LWIR multispectral remote sensing can be used to measure
differences in emissivity, even at night, when temperature dif-
ferences subside and reflective remote sensing is not relevant.

� Themain advantage of increased spectral resolution in the LWIR
region is the ability to obtain emissivity signatures, which are
unaffected by environmental variables, as opposed to temper-
ature data that may depend on the time of day and the season.
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