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Abstract
The Israel–Egypt border region composed of longitudinal sand dunes is a very unique arid
environmental ecosystem in the world: the Israeli side with much more vegetation cover has
notably higher land surface temperature (LST) during daytime than the Egyptian side where
bare sand prevails. In order to understand this thermal anomaly and its scientific significance
in the arid environmental ecosystem development, a series of intensive research activities have
been conducted in the past several years, including remote sensing analysis and meteorological
modeling. In the paper, we present part of the series studies on the issue: the ground
temperature measurement and emissivity determination. The region is mainly composed of
four basic surface patterns: biogenic crust, bare sand, vegetation and playa (physical crust).
Our hypothesis to occurrence of the thermal anomaly is that it is the direct result of the
different surface composition structures and ground emissivities on both sides. Results from
our ground temperature measurements during 1997–1998 validate the hypothesis of a
significant LST difference existing among the main surface patterns of the region. Biogenic
crust covering 72% on the Israeli side and only about 12% on the Egyptian side has an
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average kinetic surface temperature of above 3 C higher than bare sand. Emissivity of the two
most important surface patterns also presents a significant difference. Biogenic crust has an
average emissivity ranging from 0.9671 at low temperature to 0.9725 at high temperature. Bare
sand occupying above 80% of the surface on the Egyptian side and only about 7% on the
Israeli side has an average emissivity between 0.9435 and 0.9543. On the basis of the ground
temperature measurements, we use the estimated surface cover percentage to factor the
emissivity for a simple simulation of average LST on both sides, which results in an outcome
that strongly support the explanation of the thermal anomaly in the border region. Since
biogenic crust that covers most surface of the region plays important functions in arid
ecosystem development and is common in several deserts such as north Africa and central
Australia, our documentation of its surface temperature change and determination of its
emissivity, which have not been seen in the literature, will provide valuable scientific basis for
other studies on arid environmental ecosystems.
r 2004 Elsevier Ltd. All rights reserved.
Keywords: Land surface temperature; Israel–Egypt border; Emissivity; Biogenic crust; Sand; Remote
sensing

1. Introduction
A unique landscape ecosystem was found in the arid region across the Israel–
Egypt political border. Geomorphorlogically, the region is composed of the
longitudinal sand dunes stretching from the Egyptian Sinai into the Israeli Negev.
The formation of the sand dunes in the region were mainly due to the deposition of
fine sand and dust transported from North African desert by strong wind. The
unique characteristics of the arid ecosystem lie not only in its sharp spectral contrast
between the two sides of the border (Fig. 1a) but also the obvious land surface
temperature anomaly across the border (Fig. 1b). On remote sensing images (such as
Fig. 1a) of visible channels, this region is characterized by a sharp contrast between
bright reflectance from the Egyptian side (Sinai) and dark one from the Israeli side
(Negev) (Pinker and Karnieli, 1995; Tsoar and Karnieli, 1996; Qin et al., 2001). The
bright reflectance of the Egyptian side is a result of its more bare ground due to the
intensive land use by Bedouin nomads. In contrast, the Israeli side is under
conservation of restrictive land use policy, which allows the free development of high
vegetation and biogenic crust having low spectral reflectance. As a result of relatively
more vegetation cover, the Israeli side should be cooler than the Egyptian side. This
has been the case across the border between USA and Mexico (Balling, 1989; Balling
et al., 1998). However, an opposite thermal change is observed on the daytime
thermal images of the Israel–Egypt border region. The Israeli side has notably higher
land surface temperature (Qin et al., 2001, 2002a). This phenomenon can be
observed almost throughout the year except for several days after heavy rain when
the ground is very wet and cool. Considered denser vegetation cover on the Israeli
side that could have stronger evapo-transpiration to cool down surface temperature,
this phenomenon of temperature difference across the border can be termed as

ARTICLE IN PRESS
Z. Qin et al. / Journal of Arid Environments ] (]]]]) ]]]–]]]

3

Fig. 1. Visible band image showing the geographical location of the study (a) and the land surface
temperature variation of the region (b). Both are NOAA-AVHRR images. The insert in (a) is a Landsat
TM image. Land surface temperature in image (b) is computed from the channels 4 and 5 of the AVHRR
data acquired on July 18, 1998 at 12:08 GMT or 3:08 pm local time using split window algorithm given in
Qin et al. (2002a).

anomalous. In order to provide a scientific explanation to this interesting thermal
phenomenon and to examine its significance in arid ecosystem development, a series
of intensive investigation activities have been done from both remote sensing
analysis and micrometeorological modeling. The current paper intends to present the
ground emissivity determination and ground temperature measurement of the main
surface patterns in the region, which is an undividable part of the investigation.
Ground emissivity and temperature are two important thermal parameters of
ecosystem. They are required for both remote sensing analysis and micrometeorological modeling to understand the functioning of the arid ecosystem in this
particular region.
In contrast to the very few examinations of the thermal anomaly, the sharp
spectral difference across the visible border has been extensively and intensively
studied for understanding its natural process of occurrence and its ecological
implication. The spectral difference of the arid ecosystem on both sides of the border
region was first reported and interpreted by Otterman (1974). Since then, a number
of scientific efforts have been devoted into further examination of the phenomenon
from various viewpoints (Otterman, 1977, 1981; Otterman and Robinove, 1982;
Otterman and Tucker, 1985; Warren and Harrison, 1984; Tsoar and Møller, 1986,
pp. 75–95; Danin, 1991; Karnieli and Tsoar, 1995; Pinker and Karnieli, 1995; Tsoar
.
1997). In his early article, Otterman
and Karnieli, 1996; Karnieli, 1997; Tielboger,
(1974) observed the contrast in the first Landsat MSS image of the region taken in
1972 and pointed out that semi-dormant desert fringe plants strongly reduced the
albedo of sandy terrain. He stated that green plants would have produced a Sinai–
Negev contrast ratio much higher in the MSS visible bands and particularly the red
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band (600–700 nm), where plant chlorophyll strongly absorbs solar radiation. The
contrast was therefore interpreted as a product of dark plant debris and shadowing
effects. Karnieli and Tsoar (1995) suggested a different interpretation to the spectral
contrast. After examining the difference of vegetation cover and biogenic crust cover
and the spectral reflectance of the arid dune vegetation and biogenic crust, they
concluded that the well-known contrast between Sinai and Negev in remote sensing
imagery that had drawn the attention of many scientists was not a direct result of
vegetation cover difference but caused by almost a complete cover of biogenic crust
in the Israeli Negev and the scarcity of the crust in the Egyptian Sinai (Karnieli and
Tsoar, 1995). The change of the spectral reflectance values on remote sensing
between 1984 and 1989 was depicted in another article of the two authors (Tsoar and
Karnieli, 1996) using Landsat MSS data. They attributed to the decrease of the
brightness value in all Landsat MSS bands except the NIR (near infrared band 7) to
probable effect of further destruction of vegetation in Sinai after 1982. Using the
remote sensing data of both NOAA-AVHRR and Landsat TM, Qin et al. (2002a)
gave a detailed examination of the thermal anomaly phenomenon from remote
sensing analysis. Surface kinetic temperature difference across the border has been
estimated from NOAA-AVHRR and Landsat TM data. The estimated temperature
difference can be 2.5–3.5 C during dry summer (Qin et al., 2002a). The mechanism
leading to the thermal contrast on both sides has been simulated using a
micrometorological model based on surface energy balance in Qin et al. (2002b).
Influences of such factors as soil water content, albedo, radiation, wind speed, air
temperature, relative humidity, and so on have been analysed in the simulation. The
result from the simulation indicates that the albedo difference between biogenic crust
and bare sand is the main factor contributing to their surface temperature difference.
Land cover percentage of the main surface patterns has been quantitatively
estimated in Qin et al. (2003) with three methods: field observation, measurement on
aerial photograph and validation on Landsat TM image. According to the
simulation and considering the obvious quantity difference of the two surface on
both sides, Qin et al. (2002a) suggested that the observed LST on remote sensing
images was mainly due to the difference of land cover structure, especially the
difference of biogenic crust and bare sand on both sides.
The sand dune region across the political border is mainly composed of four
surface patterns: biogenic crust, bare sand, vegetation and playa. Field observation
indicates that the Israeli side is mainly covered with biogenic crust and vegetation,
while the Egyptian side is dominant with bare sand. Biogenic crust with thickness of
1–5 mm is a common surface pattern in many arid environments such as Sahara and
central Australia. It plays important functions in arid ecosystem development. The
crust is a direct result of the activities of cyanobacteria and other microphytes in
active sand dunes. While growing, cyanobacteria produce a kind of sticky silk that
holds sand together. Thus, development of the crust is the first step for sand dune
ecosystem changing from active sand into fixed sand so that other plants can settle
on (Danin, 1991; Karnieli and Tsoar, 1995; Karnieli et al., 1996; Karnieli and
Sarafis, 1996). Fine sand with low quartz content and light yellow color (Tsoar, 1990;
Gerson et al., 1985) is the main soil constituent in the region though silt and clay also

ARTICLE IN PRESS
Z. Qin et al. / Journal of Arid Environments ] (]]]]) ]]]–]]]

5

accounts some percentages (o5%) especially on the Israeli side where a thin biogenic
crust cover about 72% of its surface (Qin et al., 2003). In this paper, we intend to
report the result of our experimental determination of ground emissivity in the
region as well as ground temperature measurements of the main surface patterns.
Since biogenic crust that covers most surface of the region plays important functions
in arid ecosystem development and is common in several deserts of the world, our
documentation of its surface temperature change and determination of its emissivity,
which have not been seen in the literature, will provide valuable scientific basis for
other studies on arid ecosystems. Using a thermal radiance model, we also perform
an estimation of the average surface temperature on both sides of the border
according to the available data of ground emissivity and land cover structure. The
estimation is oriented to the ground temperature measurements for verifying the
satellite-observed thermal anomaly across the border.

2. Determination of ground emissivity
Emissivity is an important factor that affects the observed surface temperature
change through detecting the thermal radiance of the object under study. The ground
surface is not a black body. Most natural objects are able to emit only part of its
potential radiant energy (Caselles et al., 1997). Therefore, the direct output of
temperature measurement by an infrared (IR) thermometer (or a remote sensing
system) can only give the radiant (apparent) temperature change of the objects. In
order to know the true or kinetic temperature change of the ground, surface
emissivity is necessary for correcting the observed radiant temperature. Moreover,
the retrieval of LST from remote sensing data (mainly NOAA-AVHRR and Landsat
TM in our study) in the series investigation also requires the known of surface
emissivity. These requirements make the determination of ground emissivity
necessary in the study.
2.1. Method and experiments
Though several methods have been proposed (Humes et al., 1994; Labed and Stoll,
1991a), directly measuring emissivity of the ground surface in the field is still very
difficult due to the cost and the instrumental system. The general way for emissivity
determination in an acceptable economic level is to take the soil samples from the
field and carry out experiments for the determination. And we also follow this in the
study. The soil samples for the experiments were taken from the field during the wet
season of 1997/98 using metal cans. We took the sampling for several times: on
January 16 and 26, and March 19 and 26, 1998. Great cares were exerted when
taking the samples in order to avoid soil structure change. The samples were airdried on the shelf of our laboratory to compare the surface condition in dry season
of the region.
Biogenic crust and bare sand are the most important surface compositions of the
region and together they account for above 85% of the area. The emissivity of
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biogenic crust on the surface of sandy soil has not been yet reported. Though several
studies such as Sobrino and Caselles (1991) and Sabins (1996) stated that sand
(mainly quartz) has an emissivity of 0.91–0.92, the emissivity of fine sand in the
region, which is mainly composed of dust and rocky particles (Gerson et al., 1985),
have also not been studied. Therefore, we focus our experiments on determining the
emissivity of these two surface patterns. The emissivity of vegetation has been
reported (Humes et al., 1994; Labed and Stoll, 1991a) and that of playa, due to its
composition, can be viewed as having similar soil properties with silt and clay.
The principle of determining emissivity through laboratory experiments is to
compare the difference of radiant temperature between the measured samples
and their reference black body. The experiments were conducted with the use of a
water bath with constant temperature inside and an IR thermometer operating in 8–
14 mm to measure the radiant temperature of the samples. A circulator was installed
in the water bath to keep the temperature constant. On the top of the bath is a
moveable semi-transparent cover so that the samples in the bath can be seen. The
cover also acts as an isolated layer to prevent the impact of thermal radiance
from environment on the samples. There is a small hole on the cover to mount the
sensor of the thermometer for measuring the radiant temperature of the samples
under study.
The soil samples were arranged to float on the water surface of the bath. Five
typical sand samples and five typical biogenic crust samples were selected for the
measurement. At the same time, a reference with black surface was also put in the
bath. Then a semi-transparent cover was used to cover the bath to isolate the bath
from environment. The IR thermometer was mounted on the small hole of the cover.
A datalogger with storage was connected to the thermometer for data recording.
After the samples were put in the bath for more than 2 h, we started to measure the
temperatures of the samples and the reference through operating the cover with the
thermometer over them. The output of the thermometer was recorded by a
datalogger. Data output frequency of thermometer was set into one reading
per second. The thermometer has the ability to react with the thermal radiance in 2–
3 s. For each sample, we took the measurement for 10–20 s so that we would have
about 15 temperature readings of the sample. The samples were measured one by one
and we repeated the measurements for five times. Three temperature treatments
(25 C, 35 C and 45 C) were used for the experiments in order to represent three
circumstances of surface temperature change in the region. In summer, surface
temperature of the region is usually high up to above 45 C and in winter it is about
25 C for most days.
The emissivity of the samples can be determined on the basis of the assumption
that the samples and the black body reference have the same kinetic temperature.
Because the thermometer was mounted just on top of the bath with a distance of less
than 15 cm from the samples and a cover was used to isolate the bath from its
environment, the possible effects of environmental emittance from air and the
laboratory walls in detecting their surface temperature can be minimized and hence
ignored. In order to get an average measurement the temperatures of the samples
and the black reference were measured in an iterative way for five times.
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Consequently, the observed difference of the radiant temperatures among the
samples can be assumed to be the direct result of their emissivity difference.
The IR thermometer measures the radiant temperature of the samples by detecting
their thermal radiance. Actually the thermal radiance reaching the IR sensor is not
only the emittance from the sample, but also the effects from the environment.
Because the samples are not black bodies with emissivity of 1, they have ability to
reflect the downward thermal radiance from the air and the indoor laboratory wall.
And the air between the sensor and the sample surface also has ability to emit some
thermal radiance to reach the IR sensor. Thus we have total thermal radiance
reaching the IR sensor as
I ¼ Is þ Ir þ Iam ;

ð1Þ

where I is the total thermal radiance reaching the sensor; Is is the thermal emittance
from the sample; Ir is the reflected downward thermal radiance from air, and
laboratory walls and ceiling; and Im
a is the upward air emittance. Since we used a
cover to isolate the bath from environment, we successfully minimized the effects of
thermal radiance from laboratory walls and ceiling on the measurements. Now we
only need to consider the downward and upward air emittances. Because our sensor
is only about 15 cm from the sample surface, the air transmittance tl within the thin
layer can be termed as tl E1: Accordingly, both upward and downward air
emittances can be computed as
Ir ¼ ð1  eÞIak ¼ ð1  eÞð1  tl ÞBl ðTak ÞE0;

ð2Þ

Iam ¼ ð1  tl ÞBl ðTam ÞE0;

ð3Þ

where Bl ðTa Þ is the Planck radiance function with wavelength l and temperature Ta.
Thus, we have IEIs in our case.
Total emittance of a black body with temperature Tb can be estimated as Stefan–
Boltzmann function or Planck function. With Stefan–Boltzmann function, the
emittance can be computed as
IðTb Þ ¼ sTb4 ;

ð4Þ

where I(Tb) is the emittance of the body at temperature Tb, s is the Stefan–
Boltzmann constant with s ¼ 5:67  108 W m2 K4. With Planck function, we
have
Z l2
1
c1
f ðlÞ dl;
ð5Þ
IðTb Þ ¼
l2  l1 l1 l5 ðec2 =ðlTb Þ  1Þ
where c1 and c2 are the first and the second radiance constants with
c1 ¼ hc2 ¼ 5:95522012  1017 W m2 and c2 ¼ hc=k ¼ 1:43876869  102 m K, l is
the wavelength, and f(l) is the spectral response function of the instrument within its
wavelength range between l1 and l2 : Since Stefan–Boltzmann function is about the
entire wavelength and our instrument is only for the wavelength of 8–14 mm, we
prefer to select Planck function for the determination of emissivity. The soil sample
with temperature T0 is not a black body and only has an emittance of IðT0 Þ ¼ eIðTb Þ:
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Thus, its emissivity can be computed as
R l2

c1
c
=ðlT
ðe 2 0 Þ

f ðlÞ dl
IðT0 Þ
l
 1Þ
¼
;
e¼
c1
IðTb Þ R l2
f ðlÞ dl
l1 5 c2 =ðlTb Þ
l ðe
 1Þ
l1

5

ð6Þ

where Tb and T0 are the measured temperature (K) of black body and the sample.
Black body is only a theoretical concept and there is no absolute black body in
nature. Thus, we assume that the black body reference has an emissivity of 0.999.
Using this assumption, the temperature of the black body reference is firstly
calibrated into its real kinetic temperature. Another consideration in the determination is the possible error resulted from both instruments and operation. Because the
bath is set for constant temperature, the true temperature of the black body reference
should be the same as the constant temperature in the bath. Usually there is a slight
difference from the expected constant temperature. Therefore, calibration has to be
done before the above formula is used to calculate the emissivity. In practice, the
difference between the temperature of the black body reference and the expected
constant temperature is used as the calibration coefficient.
2.2. Results and analysis
The results of emissivity determination are shown in Fig. 2 and the detailed
calculation is given in Table 1 for the treatments of 25 C and 45 C. Fig. 2 indicates
that biogenic crust has higher emissivity than sand. According to the experiments,
the average emissivity of the five samples at 25 C is 0.9660 for the biogenic crust and
0.9388 for the bare sand. The difference is about 0.0272. T-test yields Tstat ¼ 8:00 >
Ta¼0:01 ¼ 3:36; indicating the difference is statistically significant at the level a ¼
0:01: The average emissivity at 35 C is 0.9695 for the biogenic crust and 0.9460 for
the sand, with a difference of 0.0235, which is statistically significant (Tstat ¼ 6:15).
At 45 C treatment, the average emissivity of biogenic crust and sand is 0.9729 and
0.9552 separately, with a difference of 0.0178, which is also statistically significant
(Tstat ¼ 3:87). For the sand dune region, LST is usually between 35 C and 50 C at
about noon. Therefore, it can be concluded that the surface emissivity is about 0.97
for the biogenic crust and about 0.95 for the bare sand, with a difference of about
0.02 in the region.
Soils may have great difference of emissivity due to the difference in their
properties. Many studies reported that bare silt soil has an emissivity of 0.96–0.98
and sandy soil 0.93–0.96 (Hausenbuiller, 1978; Brutsaert, 1982; Labed and Stoll,
1991a, b; Humes et al., 1994). Biogenic crust in the region is actually composed of
silt, fine sand, microphytes, fungus and some debris of plants such as the death roots
of annuals. The grain size of the sand in the region is also very fine (about 0.1–
0.5 mm). The color of the sand is light yellow. The mineral components of sand are
mainly the dust and rocky particles from the North African desert. Quartz
percentage of the sand is less than 50% in weight (Gerson et al., 1985). According to
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(a)

0.9660

Crust: saturated
0.9873
0.9830

Sand: saturated
0.9842
0.9819

0.9695
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0.96
0.9460
0.95
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0.94
0.93
0.92
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(b)

35C
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35C

25C

35C

25C

35C

Treatments

Fig. 2. Emissivity of the biogenic crust and the sand samples, illustrating (a) its variation for various
temperature treatments and (b) its comparison in dry and saturated conditions. The number in the graph is
the average emissivity of the samples for the treatment.

the soil properties of the region and compared with the reported soil emissivity in the
literature, it can be said that the results of our experiments are acceptable.
Two more features can also be seen from this change of soil emissivity in the
experiments. Firstly, emissivity of the samples increases gradually with temperature.
For biogenic crust, the emissivity increases from 0.9660 at 25 C to 0.9729 at 45 C.
For sand it changes from 0.9388 to 0.9552. The weak increase feature of soil
emissivity with temperature has been mentioned in many studies (Hillel, 1980;
Brutsaert, 1982; Sobrino et al., 2001) and our experimental results correspond very
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Table 1
Computation of emissivity based on laboratory experimental data
Samples

Treatment at 25 C
Temperature (K)
Measured

Calibrated

Reference
Crust 1
Crust 2
Crust 3
Crust 4
Crust 5

297.9306
295.6622
295.1044
295.7156
295.4868
295.3035

298.1600
295.8854
295.3276
295.9388
295.7100
295.5267

Average
Sand 1
Sand 2
Sand 3
Sand 4
Sand 5

295.4545
292.9589
293.6369
294.2552
293.7478
293.5718

Average

293.6341

Treatment at 45 C
Emissivity

Temperature (K)

Emissivity

Measured

Calibrated

1.00
0.96915
0.96075
0.96995
0.96650
0.96374

318.4227
316.5995
315.8766
316.1875
316.1371
316.2540

318.1600
316.3368
315.6139
315.9848
315.8744
315.9913

1.00
0.97800
0.96829
0.97326
0.97178
0.97335

295.6777
293.1821
293.8601
294.4784
293.9710
293.7950

0.96602
0.92885
0.93886
0.94805
0.94050
0.93790

316.2110
314.2584
314.0169
315.3716
315.0606
314.8972

315.9482
313.9957
313.7542
315.4492
315.2079
314.7345

0.97294
0.94676
0.94357
0.96608
0.96286
0.95655

293.8573

0.93883

314.7210

314.4582

0.95516





Note: The calibration coefficient is 0.2232 for 25 C and 0.2627 for 45 C.

well with the feature. Secondly, the emissivity difference between biogenic crust and
sand decreases with temperature. The difference is 0.0272 at 25 C and decreases to
0.0178 at 45 C. Therefore, one can derive that the emissivity of sand is more sensible
to temperature change than biogenic crust. This probably is because emissivity
increase with temperature is not linear but exponential (Brutsaert, 1982).
Water is the most important factor shaping soil properties. The above
determination of soil emissivity is based on dry samples corresponding to arid
environment of the region. However, during the wet season, ground surface of the
region is not absolutely dry but contains some moisture. In order to compare the
impact of soil water content on its emissivity change, we also did the experiments for
saturated samples. Water was filled slowly into the samples, with a fabric on the
surface in order to avoid soil structure change during the process. Considering the
possible temperature change during the wet season, we only conducted two
temperature treatments for the wet sample experiments. The results are shown in
Fig. 2b, which compares the emissivity of the soil samples in dry and saturated
conditions.
As indicated in Fig. 2b, soil water eradicates the difference of possible emissivity
between biogenic crust and sand. For 25 C treatment, the average emissivity at
saturation is 0.9830 for biogenic crust and 0.9819 for sand. Statistical test indicates
that there is no significant difference between them (Tstat ¼ 0:34oTa¼0:1 ¼ 1:86). The
same situation can also be seen for 35 C treatment when biogenic crust has an
average emissivity of 0.9873 and sand 0.9842, which have no significant difference
according to T-test (Tstat ¼ 1:09oTa¼0:1 ). Actually, water has an emissivity of about
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0.99 (Hillel, 1980; Lillesand and Kiefer, 1987; Sabins, 1996). When soil moisture
increases, the thermal properties of the soil will shift from dry soil values to the water
ones (Marshall and Holmes, 1979). At saturation, soil water content reaches the
maximal level. When soil porosity is high such as the case in sand and soft biogenic
crust, the thermal properties of soil water at saturation prevails over those of soil in
dry condition. This is why the emissivity of biogenic crust and sand tends to be
identical at saturation.
Even though the biogenic crust and sand totally account for above 85% of the
ground surface of the region, the emissivity of other two patterns (vegetation and
playa) is also required to consider for determination of average emissivity on both
sides of the region.
Shrub is the dominant vegetation form of the region. The emissivity of vegetation
can be found from many studies because vegetation is very important in shaping the
environmental quality of the Earth’s surface. Idso et al. (1969) determined the
emissivity values of a number of different plant leaves and found the emissivity
ranges from 0.957 to 0.995. Davies and Idso (1979, pp. 183–210) concluded that
most canopy emissivity values were likely to lie between 0.96 and 0.98 and believed
that a value of 0.98 was suitable in most radiation balance calculations. Humes et al.
(1994) summarized the reported emissivity of vegetation as follows: grass with partial
cover 0.956, shrub with partial cover 0.976 and with complete cover 0.986. Labed
and Stoll (1991a, b) got the emissivity of grassland (E15 cm) 0.983 and brushes
(E100 cm) 0.994 according to their field measurements. Price (1984) reported that
the emissivity of crops in agricultural field is in general 0.96–0.98. Since our region is
an arid region and many arid shrubs are in dormancy during the hot summer, we use
the value of 0.978 as the average emissivity of the shrubs in the region.
As indicated above, playa of the region is similar to a silt–clay soil. Many studies
reported that clay soil has an emissivity of about 0.96–0.97 (Kahle, 1980, pp. 257–
273; Koorevaar et al., 1983). For the study, the playa only accounts for a small
fraction (o5%) of the ground and hence has little contribution in shaping the
average LST change on both sides. Thus, an average emissivity of 0.965 will be used
for playa in the following computation.

3. Ground temperature measurements
Documentation of ground surface temperature changes for the arid ecosystem has
not been presented in the literature. In order to examine the thermal anomaly of the
ecosystem to understand its occurrence, we conducted a series of ground
temperature measurements in the region. Since the region can be viewed as
composed of four main components: biogenic crust, sand, playa and vegetation, and
the Israeli side is mainly covered with biogenic crust and various shrubs while the
Egyptian side with bare sand (Pinker and Karnieli, 1995; Karnieli, 1997), the
observed thermal anomaly can be thought of as a direct result of different surface
compositions. It thus is necessary to carry on the measurements of ground
temperature changes of the four typical surfaces for further modeling and analysis.
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3.1. Methods and instruments for the measurements
The measurements were done using an IR thermometer operating in 8–14 mm. The
output of the thermometer is radiant surface temperature (RST). The advantage of
using IR thermometer for the measurements is that it has the ability of quickly (in 2–
3 s) responding to the thermal radiance of the target when pointing to it and the
output is paralleled to what is obtained in remote sensing. The output frequency of
the thermometer is one record per second. A datalogger and a storage module were
used to record the output of the thermometer.
The measurements were conducted at the Nizzana Research Site (Fig. 1a) on the
Israeli side. Several measurements on surface temperature change had been
conducted in different times and different seasons during 1997/98. A number of
sampling sites representing the main surface patterns had been selected for the
measurements. In order to have a comparable result of the measurements, the
sampling sites were selected to be adjacent to each other within a small area and the
measurements were conducted in a period of about 30–45 min so that the effect of
different measuring time can be minimized. As for the measurement at each sampling
site, the thermometer was pointed to the ground at the height of about 1 m with a
viewing angle close to nadir. The actual measuring time for each site is about 15–20 s
so that at least 10–15 data were recorded for that site. The recorded data were then
downloaded into computer for analysis. Average temperature was computed for
each sampling site.
Since the IR thermometer measures the radiance of ground surface to determine
its radiance temperature and the thermal radiance reaching the sensor of the
thermometer is not only the emittance from ground surface but also the air emittance
reflected by the surface, the obtained RST must be corrected to get the true kinetic
surface temperature (KST). The correction is possible only when spectral response
function of the IR thermometer and the emissivity are known. In our case, we will
use the emissivities determined in Section 2.2 for the correction. Since the emissivity
determination is not based on the actual field measurements under natural
conditions but on the indoor laboratory experiments, the correction in the following
can only be termed as an approximation.
The approximation of RST measurements into KST can be based on the Stefan–
Boltzmann law or Planck radiance function. Simulation results indicate that the two
methods have a difference of B0.1 C at low temperature (15 C) and of B0.4 C at
high temperature (55 C). Since our measurements were conducted with an IR
thermometer operating in the wavelength of 8–14 mm, we prefer to base the
approximation on Planck function in order to have a better accuracy. For a
temperature T, we can compute Planck radiance as
c1
;
ð7Þ
BðTÞ ¼ 5
c
=ðlTÞ
2
l ðe
 1Þ
where B(T) is Planck radiance (W m2) of the ground, c1 and c2 are the first and the
second spectral constants, and l is effective wavelength. The IR thermometer
measures the target’s temperature through detecting its radiance intensity and
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converting the observed radiance into temperature with a blackbody emissivity
(e ¼ 1). The total thermal radiance reaching the IR thermometer I can be divided
into three components: ground emittance Ig, the reflected downward atmospheric
emittance Iar and upward atmospheric emittance Im
a . Mathematically, we have
I ¼ Ig þ Iar þ Iam :

ð8Þ

The term Iar depends on the ground emissivity and the downward atmospheric
emittance Ik
a , generally expressed as
Iar ¼ ð1  eÞIak ;

ð9Þ

where Ik
a is the downward atmospheric emittance, which is strongly dependent on the
effective atmospheric mean temperature and the atmospheric vapor content and its
distribution in the profile. In remote sensing, the value can be approximated as
Iak ¼ ð1  tl ÞBl ðTak Þ;

ð10Þ

where tl is atmospheric transmittance at wavelength l and Bl(Tk
a ) is the Planck
radiance function. Simulation indicates that the magnitude of Bl(Tk
a ) ranges from

=10–20
C
for
the
wavelength
8–14
mm.
Since
the region
3.588 to 4.236 W m2 at Tk
a
is an arid region and atmospheric water vapor is low (usually o2 g cm2), the
atmospheric transmittance is high. Assumed tl ¼ 0:8; the Ik
a is estimated to be only
about 0.72–0.84 W m2. Furthermore, the ground emissivity of the region is about
0.95–0.97, which consequently results in the magnitude of the term Iar quite small
compared with the term Ig. Numerically, Iar is estimated to be about 0.6–0.8% of Ig
in our region. The small portion of Iar in comparison with Ig makes the simplification
of computing KST from the measured RST possible. Moreover, the distance
between the ground and the IR thermometer is only about 1 m, which makes the item
Im
a too small to be considered. Thus, we have
I ¼ Ig þ Iar E1:007Ig :

ð11Þ

Substituting the total radiance observed by the IR thermometer I=B(Tr) and the
ground emittance Ig ¼ eBðTk Þ and using Eq. (7) for Planck radiances B(Tr) and
B(Tk), we obtain the following experimental formula for approximating Tk from the
observed RST in our region:
c2
Tk ¼
;
ð12Þ
l lnð1:007eðec2 =lTr  1Þ þ 1Þ
where Tr is the observed RST of the ground (K), Tk is the true KST of the ground
(K), c2 is the second spectral constant with c2 ¼ 1:43876869  102 m K, e is ground
emissivity, and l is the effective mean wavelength of the IR thermometer with
lE12:15 mm.. Therefore, knowing the emissivity, the observed RST can be easily
corrected into KST. The determination of emissivity for the main surface patterns of
the region has been addressed in Section 2. The corrected results of the ground
temperature measurements on surface temperature of the region are presented as
follows.
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3.2. Surface temperature change in hot dry season
The climate of the region is typically Mediterranean, with two distinctive seasons:
dry and wet. Dry season usually starts in May and ends in October though annual
vibration is obvious. The rest of the year is defined as wet season though rain events
during the season are very few. During dry season, there is no rain and the sky is very
clear. Ground surface of the arid region is very hot at noon and June. July and
August are the hottest months of the year.
Fig. 3 represents the typical KST change of the region during hot dry season.
There is an obvious KST difference among the surface patterns. Biogenic crust has
the highest KST and vegetation the lowest. The average KST of biogenic crust is
53.7 C (some sampling sites even reach up to 55 C). KST of playa is slightly higher
than that of sand. Average KST of playa is also high (51.0 C) and that of sand is
50.6 C (Fig. 3a).
The KST difference between biogenic crust and sand is very obvious and
it is high up to 3.1 C at noon (Fig. 3a). The KST of biogenic crust is also
about 2.7 C higher than that of playa. T-test indicates that the KST differences
between biogenic crust and sand and between biogenic crust and playa are
both statistically significant at the level a ¼ 0:01 (Table 2). Another feature is
the sharp KST difference between shrub canopy and its surrounding
surface. According to the measurement, the difference is up to 10–15 C (Fig. 3a),
which is statistically significant (Table 2). This implies that the evapo-transpiration
from vegetation still controls its canopy KST change even though desert shrubs
have some special functions to reduce their water lose during hot summer
(Danin, 1991).
Similar features of KST change can also be seen in Fig. 3b. The KST difference
among the four surface patterns is also statistically significant (Table 2). The average
KST of biogenic crust is about 51.5 C, which is 2.5 C higher than that of sand and
about 2.3 C playa and 13.8 C plant. Please note that the measurement was taken at
the time a little bit ahead of the temperature peak at noon. According to the
changing trend of the measurement, the difference at the noon peak period may
reach the level of above 3 C between biogenic crust and sand. A gradual ascending
of KST change can be clearly seen during the measurement period. For biogenic
crust, the KST ascends from about 51.0 C at the beginning to 52.6 C at the end of
the measurement. The KST of sand, playa and plant also shows some increase trends
during the measurement (Fig. 3b).
Special comparison of KST change between biogenic crust and sand is presented
in Fig. 3c, which represents the typical KST change of the two surface patterns in the
afternoon during hot summer. The ground surface experiences a cooling process in
afternoon due to the decrease of global radiation. For biogenic crust, KST decreases
about 2.5 C within half an hour of the measurement. It seems that the cooling speed
of sand is almost the same as biogenic crust (Fig. 3c). Again, the temperature
difference between the two surfaces is very obvious and T-test indicates that the
difference is statistically significant (Table 2). In average, it is about 2.1 C, about
1 C less than that at noon (Fig. 3a).
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Fig. 3. KST of typical surfaces during hot dry season, (a) 13:32–14:05, June 18, 1997, (b) 11:30–12:15,
August 1, 1998 and (c) 16:15–16:48, June 18, 1997.
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Table 2
T-test of KST differences between surface patterns
Measurements

Tstat value
Crust–sand

13:32–14:05, 06-18-97
16:15–16:48, 06-18-97
11:30–12:15, 08-01-97
09:00–09:25, 01-16-98
10:00–10:35, 01-25-98

9.53
13.57
7.93
7.49
1.06#

Crust–playa

Crust–plant

Playa–sand

Sand–plant

12.75

59.49

2.03

47.53

6.28

40.25

1.96

21.15

11.12
26.26

16.15
33.16

Note: #Statistically insignificant at level a ¼ 0:1; statistically significant at level a ¼ 0:05; others
significant at a ¼ 0:01:

3.3. Surface temperature change in cool wet season
Annual precipitation of the region is 95 mm (Kidron and Yair, 1997) and most of
the rainfall concentrates during 1 or 2 months (Evenari et al., 1971). These
characteristics make other months of wet season not really wet. The measurement
shown in Fig. 4 represents KST change of the region during very wet conditions.
There was a strong rain with total precipitation of 30.5 mm from January 5 to
January 12, 1998. The KST shown in Fig. 4a was measured on the 5th day after the
rain. The measurement time was in the morning between 9:00 and 9:25. The ground
was obviously wet. Some low places still had some water puddles. After the rain, the
microphytes on the crust surface became active. Several relatively dry sites were
selected for the measurement of KST change.
The measurements (Fig. 4a) show that the sand has a KST of higher than that of
the biogenic crust. The average KST of sand is 20.3 C, which is 1.5 C greater than
that of biogenic crust (18.8 C). T-test indicates that the difference is statistically
significant (Table 2). High soil water content after rain may be the key reason leading
to this phenomenon. We all know that evaporation from the surface controls the
temperature change of ground surface. This implies that the very wet surface
conditions wipe the potential KST difference between the two surface patterns.
Water is a critical factor that shapes the soil properties for heat transfer (Marshall
and Holmes, 1979). In a short time after the rain, the soil under the surfaces is filled
with a lot of water. The high content of soil water may prove to be the dominant
factor in heat transfer on both surfaces. Soil porocity of bare sand is greater than
that of biogenic crust. Under sunshine, the surface of bare sand experiences a process
of quickly drying, leading to increase of surface temperature. Smaller soil porocity of
biogenic crust makes its soil water transporting from lower layer faster, leading to
greater evaporation and cooler surface temperature. As a result, bare sand has
relatively higher surface temperature than biogenic crust under very wet conditions.
However, the canopy temperature of shrubs still remains lower than that of sand
or biogenic crust (Fig. 4a). The average canopy temperature is 16.4 C, which is
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Fig. 4. True surface temperature change of typical surface patterns in very wet cool season, illustrating the
measurements at (a) 9:00–9:25, January 16, 1998 and (b) 10:00–10:35, January 25, 1998. The number in the
graph is the average temperature of the measurement sites.

about 3.9 C lower than the KST of sand. T-test indicates the difference is
statistically significant (Table 2).
There was no rainfall between January 16 and 25, 1998. The results shown in Fig.
3b represent the KST changes after about 2 weeks of drying. Direct observation
showed that the ground was much drier than on January 16, 1998. According to the
results in Fig. 4b, the KST difference between the two main surfaces is narrowing.
Higher evaporation from biogenic crust makes its soil water lose faster than bare
sand. After a period of drying, soil water in biogenic crust may not be a dominant
factor to cool down its surface temperature. Consequently, its surface temperature
catches the level of bare sand, resulting in the disappearance of possible surface
temperature difference between them. The KST during the measuring time shows a
trend of gradual ascent, climbing from about 21.8 C to 24.1 C. Average KST is
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22.2 C for biogenic crust and 22.5 C for bare sand. The difference is only 0.3 C, not
statistically significant (Table 2). Plant canopy temperature still remains much lower
than KST of biogenic crust and sand (Fig. 4b). The average canopy temperature is
about 17.4 C, which is about 4.8–5 C lower than the KST of sand and biogenic
crust. The differences are statistically significant according to T-test (Table 2).

3.4. Surface temperature change in other measurements
Except for the above two extremely dry and extremely wet situations, several
additional measurements were also carried out in various seasons. Table 3 shows the
results of these measurements. Similar trends can be found in all cases. There is an
obvious KST difference among the four surface patterns. Biogenic crust has the
highest KST, which is followed by playa and sand. Vegetation has the lowest KST
among the four. On March 19, the average KST of biogenic crust was 35.1 C and
that of sand was 32.8 C, with a difference of about 2.3 C. On March 26, the KST
difference was about 2.8 C. The obvious KST difference can also be found in other
measurements (Table 3). T-test indicates that the KST difference between biogenic
crust and sand is statistically significant at the level of a ¼ 0:01: The T-test results in
Table 4 also show that the four surfaces really have different KST though the
significant level for playa–sand difference is slightly lower than others.

4. Simulation of LST change on both sides
The ground surface of the region is actually a mixture of various patterns.
Moreover, the political border prevents our trip to the Egyptian side for field
measurements of surface temperature change. In order to understand the LST
anomaly observed in remote sensing images, average land surface temperature
change across the border has to be simulated using the data from ground
temperature measurements and remote sensing observation.
Table 3
Average KST of typical surface patterns in the region
Measurement time

No.

Sampling sites

Average KST ( C)
Crust

Sand

Playa

Plant

14:15–14:52, 05-07-97
15:39–16:05, 05-07-97
14:19–14:55, 10-06-97

M1
M2
M3

43
37
45

48.40
43.27
42.34

44.91
40.13
39.67

45.60
41.08
40.21

35.93
32.66
32.42

11:20–12:00, 03-19-98
11:16–12:04, 03-26-98
10:30–11:11, 04-10-98

M4
M5
M6

47
45
56

35.13
34.04
35.81

32.90
31.18
34.09

33.44
31.57

24.49
25.12
28.47

ARTICLE IN PRESS
Z. Qin et al. / Journal of Arid Environments ] (]]]]) ]]]–]]]

19

Table 4
T-test of KST difference between surface patterns
Measurement no.

Tstat value
Crust–sand

Crust–playa

Crust–plant

Playa–sand

Sand–plant
26.81
13.90
23.57
37.92
26.68
20.08

M1
M2
M3

10.33
7.86
9.27

9.04
3.53
8.14

56.66
24.12
41.46

1.93
1.99
1.56

M4
M5
M6

9.44
14.89
4.34

6.63
9.56
8.86

42.36
28.89
25.49

2.13
1.34

Note: Significant at a ¼ 0:1; others significant at a ¼ 0:05: Statistically significant at level a ¼ 0:01:

4.1. Method
Since the pixel of satellite image is usually greater than any single surface patterns
in the region, the LST anomaly observed by remote sensing is in fact a phenomenon
based on the mixed surface temperature within a pixel, which can be divided into
several components according to the surface composition. Therefore, the principle
for estimating average LST change across the border is the structural composition of
the ground surface on both sides of the region. The total thermal radiance (Is)
emitted from the ground for remote sensing of LST can be written as
Ig ¼ Ac Ic þ As Is þ Av Iv þ Ap Ip þ Ii ;

ð13Þ

where Ac, As, Av and Ap are surface fractions of biogenic crust, sand, playa and
vegetation respectively, Ic, Is, Iv and Ip are the thermal radiances emitted from the
four surface patterns, and Ii represents the interaction among the four patterns. Since
the desert shrubs are sparse and generally with a height of less than 1 meter, the
interaction term can be reasonably ignored in our case. Thus, the above equation can
be rewritten after applying Stefan–Boltzmann law to each radiance term as follows:
4
4
4
4
esTs4 ¼ Ac ec sTkc
þ As es sTks
þ Av ev sTkv
þ Ap ep sTkp
;

ð14Þ

where s is Stefan–Boltzmann constant; Ts is the average LST; Tkc, Tks, Tkv, and Tkp
are KSTs of biogenic crust, sand, vegetation and playa, respectively; Ac, As, Av, and
Ap are the surface fractions of the four components; e is the average ground
emissivity. Elimination of s from Eq. (9) leads to the following formula for
computing the average LST on both sides of the region:
4
4
4
4 1=4
þ Fs Tks
þ Fv Tkv
þ Fp Tkp
Þ ;
Ts ¼ ðFc Tkc

ð15Þ

where the coefficients Fc, Fs, Fv, and Fp are the emissivity fractions, given as
Fc=Acec/e, Fs=Ases/e, Fv=Avev/e and Fp=Apep/e. According to surface composition, the average emissivity is estimated as 0.968 for the Israeli side and 0.954 for the
Egyptian side. Consequently, the fractions can be computed for estimation of
average LST on both sides. Using the quantitative surface composition structure on
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both sides of the region (Qin et al., 2003), the emissivity fractions are estimated as
Fc ¼ 0:8217; Fs ¼ 0:0834; Fv ¼ 0:0701 and Fp ¼ 0:0349; respectively, for the Israeli
side and Fc ¼ 0:1393; Fs ¼ 0:8066; Fv ¼ 0:0183 and Fp ¼ 0:0354 for the Egyptian
side. Note that the fractions are estimated for the conditions of summer hot season
when the vegetation canopy in the arid region reduces to minimum and the LST
anomaly are observed to be very obvious across the border. With these estimates, we
are able to simulate the average LST change on both sides of the region for
comparison of their difference.
4.2. Simulation results and analysis
We use the above method to estimate the average LST change on both sides and
their difference using the measured KST of the four surface patterns shown in Table
3. The estimated results are presented in Fig. 5. Based on the measurement given in
Fig. 3a, the estimated average LST is up to 53.1 C on the Israeli side and 50.8 C on
the Egyptian side, with a difference of 2.3 C. The average LST on both sides is also
up to 2.0 C according to measurement shown in Fig. 3b, which was taken at the time
just before noon. Because the measurement shown in Fig. 3c was taken in late
afternoon, slightly lower average LST difference on both sides (1.7 C) is reasonable.
Similar LST difference on both sides can be seen in early and late dry seasons. For
the measurements M1–M3 in Table 3, average LST difference is found to be up to
2.3–2.8 C (Fig. 5). However, the reverse LST difference on both sides exists in wet
season when temperature is low. Due to very wet surface after heavy rain, the
average LST of Figs. 4a and b is estimated to be about 20 C and 23 C on both sides
(Fig. 5). Consequently, the LST difference on both sides is 0.3 C and 0.3 C,
respectively. The estimation results suggest that the LST anomaly is strongly related
to temperature level. The anomaly becomes more obvious when the temperature
60
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Fig. 5. Average LST change on both sides of the region, estimated from the measurements taken at
Nizzana Research Site. The number in the graph is average LST difference on both sides. The samplings
M1–M6 refer to the measurements in Table 3.
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level is high such as shown in the measurements of M1–M3. The average LST
difference between the Israeli and the Egyptian sides reduces to minimum when the
temperature level is at around 20 C as shown by the measurements in Fig. 4b.
In order to verify this conclusion, we extend our estimation of the average LST
and its difference across the border into a systematic simulation, using a reasonable
combination of the KST of the four surface patterns according to the ground
temperature measurements. First of all, we try to determine the relationship between
LST difference on both sides and the crust–sand KST difference. Then we try to
answer the question: under what temperature level does the LST anomaly appear
across the border in the region?
Fig. 6a shows the change of the estimated LST difference on both sides of the
region with temperature for various crust–sand KST differences. Two features can
be clearly seen from Fig. 6a. The Israeli side has an average LST higher than the
Egyptian side only when biogenic crust has a LST of >1 C higher than bare sand. In
summer, surface temperature of the region is usually in the range of 40–57 C at
about noon during daytime. The ground temperature measurements indicate that
biogenic crust usually has a KST of above 3 C higher than that of sand. For this
condition, the average LST difference on both sides will be >2.5 C. In other words
the Israeli side has an average LST of at least 2.5 C higher than the Egyptian one
during hot dry season. Specifically, when biogenic crust is about 4 C hotter than
sand, the average LST difference on both sides will be about 3 C. This is accordance
with what was obtained on remote sensing analysis of LST (Qin et al., 2002a).
In winter and during night-time, surface temperature of the region is usually low.
The difference of surface temperature between biogenic crust and sand is not as
obvious as that under hot dry condition. If the crust–sand KST difference is below
1 C, the average LST on the Israeli side will be lower than the Egyptian side. As
shown in Fig. 6a, the average LST difference on both sides is about 0.6 C when
biogenic crust is about 1 C cooler than sand. This implies that in low temperature
such as several days after the heavy rain and winter night-time the Egyptian side
probably has slightly higher LST than the Israeli side. However, if biogenic crust and
sand have no difference in their surface temperature, the Israeli and the Egyptian
sides will also have no significant difference in their average LST. This result also
verifies the result of remote sensing analysis to the LST change on both sides from
AVHRR and Landsat TM data (Qin et al., 2002a).
Fig. 6b shows the simulation results of average LST change on both sides of the
region in corresponding to the possible temperature change (represented by biogenic
crust KST) in the region. Linear characteristic of the change is clear. Generally, the
Israeli side will have a higher average LST than the Egyptian side in high
temperature (>30 C). In very low temperature (o15 C), the Egyptian side will have
steadily higher average LST than the Israeli side though the difference is still weak
(o1.0 C). Another important feature shown in Fig. 6b is that the average LST
difference on both sides is not obvious, vibrating between 0.5 C and 0.5 C (also
see Fig. 6c), in temperature range 15–25 C. Usually LST of the region is within this
range at about midnight. This is why we are not able to observe an obvious LST
anomaly of the region on the night-time remote sensing images of NOAA-AVHRR
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(Qin et al., 2002a). The change of possible average LST difference between the two
sides is clearly shown in Fig. 6c, which is computed from the simulation results of
Fig. 6b. Specifically, the LST difference may reach 2.5–3.5 C when temperature of
biogenic crust is in the range of 45–55 C, which is the general case in hot dry season.
Therefore, we are sure that the ground truth measurement of surface temperature
verifies the LST anomaly across the border observed by remote sensing imagery.
And the simulation reveals the conditions of ground surface temperature for the
occurrence of the thermal anomaly across the political border.

5. Conclusion
Ground emissivity plays an important role in thermal emittance of the ground
surface. According to the experiments and analysis, it can be concluded that the
average emissivity of the biogenic crust and the sand is separately 0.97 and 0.95 in
dry condition. Both the biogenic crust and the sand samples behave a weak increase
of emissivity with temperature. The sand seems to have slightly greater increase pace
than biogenic crust. Comparison has also been done to the emissivity of the samples
in dryness and saturation. The result indicates that the difference of emissivity
between the biogenic crust and the sand samples in dry condition seems to disappear
at saturation when soil water governs the thermal properties of the soil. At
saturation, both the biogenic crust and the sand samples have high and close high
emissivity of up to 0.982–0.983 for the treatment at 25 C and 0.984–0.987 at 35 C.
The ground temperature measurements during 1997–1998 indicate that an obvious
difference of surface temperature does exist between biogenic crust and sand in most
days of the year. In dry summer at about noon, biogenic crust has higher KST than
sand. In morning and afternoon, the difference is smaller but also overt. In early and
late dry seasons, the difference is still above 2.5 C at about noon. The difference
reverses only in a few days after heavy rain when the biogenic crust is very wet or at
higher water content while the bare sand surface is relatively drier. Under this
extreme condition, the bare sand has an average KST of about 1 C higher than the
biogenic crust (Fig. 4a). The lower KST of biogenic crust is due to the fact that soil
water content strongly shapes its thermal properties. However, the reverse KST
difference between the two main surfaces becomes very weak after about 2 weeks of
strong rain (Fig. 4b).
Shrub canopy has the lowest canopy temperature in all seasons. The difference of
shrub canopy temperature from biogenic crust KST may reach up to 15 C at noon,
as indicated in Fig. 3a. During the wet season when the KST difference between
biogenic crust and sand surface reverses due to the wetter surface of biogenic crust,
shrub canopy temperature still remains about 4 C lower than KST of sand, as
indicated in Fig. 4a. The obvious lower canopy temperature than surrounding
environment demonstrates that evapo-transpiration still functions to cool down
desert plants though the plants may remain in a status of semi-dormancy to minimize
their evapo-transpiration.
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Using the structural composition of ground surface and its relationship with the
thermal radiance, we develop a simple method to estimate the average LST change
on both sides of the region. The estimation with the ground truth measurement data
indicates that the observation of the LST anomaly on remote sensing imagery does
exist in the sand dune region. As verified by the measurement shown in Fig. 3 and
M1–M3, the Israeli side is above 2 C hotter than the Egyptian side. The average
LST difference disappears in measurements shown in Fig. 4, which represents the
very wet conditions after the heavy rain.
Therefore, the observed LST anomaly of the arid ecosystem is mainly attributed
to the difference of surface composition on both sides of the border. This surface
composition difference, together with their emissivity difference, plays an important
role in shaping LST change across the region. The Israeli side has about 72%
surface covered with biogenic crust while the Egyptian side has above 4/5 surface
belonging to bare sand. The much greater fraction of biogenic crust on the
Israeli side determines its much higher average LST change. And the much
greater fraction of bare sand on the Egyptian side explains its relatively lower
average LST change. Even though there is a sharp difference of vegetation cover
rate on both sides, its very low fraction in estimating average LST change does
not contribute a lot to even the sharp LST contrast produced by great difference
of biogenic crust and bare sand on both sides. As a result, the Israeli side is
notably hotter than the Egyptian side. Our study of this thermal anomaly reveals
an important principle regarding the thermal relationship between vegetation
cover and surface temperature of arid ecosystem: more vegetation under arid
environment may not guarantee a relatively cooler surface due to the low
percentage of desert plants’ evapo-transpiration in the surface energy balance of
the ecosystem.
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