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Sand  content  is  a textural  property  of soils  closely  related  to soil quality.  A  fast  determination  of sand
content  at  large  scales  is  paramount  importance  for monitoring  soil  degradation  to  improve  agricultural
practices.  The  main  objective  of this  study is to  evaluate  the  ability  of  the  thermal  infrared  region (TIR)
to  estimate  sand  content  of  soils.  Thermal  infrared  spectra  obtained  in  the  field  from  a  Fourier  Transform
Spectrometer  are  used  to  develop  a partial  least  square  regression  model  (PLSR)  that  translates  thermal
emittance  to soil  texture  properties.  Our  results  show  that  the  9.435–9.473  �m  wavelength  regions  hold

2

and content

a  great  promise  for prediction  of  sand  content.  Coefficient  of  determination  R is 0.87  and  standard  error
(SE) is  2.79.  We  also  show  that  second  derivative  of  thermal  spectral  profiles  is very  useful  to detect
kaolinite  in  sand  dominated  soils.  The  results  of  this  study  provide  further  insights  for  developing  future
thermal  sensors  aimed  at predicting  soil  quality  as  indicated  by  the  sand  content  and  other  textural
properties.

©  2014  Elsevier  B.V.  All  rights  reserved.
ntroduction

Sustainable and profitable soil management requires reliable,
nd timely information on soil properties that determines soil
sage (Carter, 2002; Kempen et al., 2012; Ray, 2001). The physical
roperties of soils including texture, structure, density, porosity,
onsistency, temperature, color and resistivity are often used in
oil erosion modeling, crop suitability assessment, land degrada-
ion monitoring, and environmental risk assessment (Larson et al.,
985; Goldshleger et al., 2010; Goncalves and Carlyle, 1994; Merckx
t al., 1990; Rey et al., 2011; Sgouras et al., 2007; Vrieling et al.,
008). The soil texture is the most important property of soils, and

s determined by the relative proportion of the three types of soil
articles, i.e., sand, silt, and clay. Among those, sand is the textural
roperty closely related to soil quality (Andrade et al., 2013). Sandy
oils are more vulnerable to drought than clay soils, storing less

ater and likely to lose water more rapidly by plant growth (Miller,

004; Ray, 2001). Also this type of soils holds few nutrients and
oses them easily as water moves through the soil (Goncalves and

∗ Corresponding author. Tel.: +(86) 991-858-1186; fax: +(86) 991-858-1186.
E-mail address: tash@xju.edu.cn (T. Tiyip).

ttp://dx.doi.org/10.1016/j.jag.2014.05.010
303-2434/© 2014 Elsevier B.V. All rights reserved.
Carlyle, 1994). Knowledge of the spatial distribution of sand content
including other properties is important to monitor and map  areas
vulnerable to desertification, and increased soil erosion (Kosmas
et al., 2006). There is, therefore, a great need for up to date, accu-
rate, and timely information on sand content. Large scale mapping
and analyzing soils for their textural properties typically involves
extensive field work and laboratory techniques that are time con-
suming (Abdu et al., 2008; Chang and Islam, 2000; Hewson et al.,
2012). Remote sensing has become a promising tool in monitoring
soil quality and related environmental issues over the past decades
thanks to its rapid, non-destructive and cost-effective capabilities
(Beeri and Peled, 2009; Chopping et al., 2006; Khawlie et al., 2002; Li
et al., 2012; Mougenot et al., 1993; Platt and Sathyendranath, 2008;
Tralli et al., 2005; Wiens et al., 2009; Zhang and Zhang, 2007). An
increasing number of studies have emphasized the ability of remote
sensing for monitoring the soil physical properties (Palacios-Orueta
and Ustin, 1998; Ben-Dor, 2002; Shepherd and Walsh, 2002), soil
engineering properties (e.g., expansiveness) (Chabrillat et al., 2013;
Yitagesu et al., 2009, 2011), soil salinity (Farifteh et al., 2007;

Metternicht et al., 2005), soil erosion (Luleva et al., 2013) and soil
quality (Cécillon et al., 2009). Its potential for determining soil
textural properties within visible (VIS: 0.4–0.7 �m),  near infrared
(NIR: 0.7–1.1 �m)  shortwave infrared (SWIR: 1.1–2.5 �m) ranges

dx.doi.org/10.1016/j.jag.2014.05.010
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2014.05.010&domain=pdf
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as been investigated (Ben-Dor and Banin, 1995; Casa et al., 2013;
hepherd and Walsh, 2002; Viscarra Rossel et al., 2006; Zornoza
t al., 2008). Soil texture affects the spectral reflectance of the
oils due to its influence on water holding capacity and the size of
oil particles (Barnes et al., 2003; Casa et al., 2013; Hassink, 1994;
umata et al., 2003; Scott Bechtold and Naiman, 2006; Skaggs et al.,
001). Sandy soil exhibits higher reflectance than that of clay soil
ue to the abundance of macro pores and air-soil interface that
ause multiple reflection/scattering. Efficacy of the technique in
stimating clay content has also been demonstrated using near
nfrared remote sensing (NIRS) (Al-Abbas et al., 1972; Ben-Dor
nd Banin, 1995; Chang et al., 2001; Moron and Cozzolino, 2003;
ornoza et al., 2008).

Water and organic matter is typically low in sand dominated
oils. Although sand content is one of the most important factors
ontrolling spectral signatures of the soil, VNIR-SWIR region is less
ensitive to Si O related components (Eisele et al., 2012; Salisbury
t al., 1991). In contrast, thermal infrared (TIR: 8–14 �m)  region
ay  contain diagnostic information on silicate minerals in sand

ich soil. This is due to the presence of vibrational frequencies of sil-
cate and carbonate molecules that elicit differences in the spectral
missivity of soils (Rubio et al., 1997; Salisbury and D’Aria, 1992a).
oreover, the texture variability of sand rich soils is high, which

nables the reststrahlen bands between 8 and 12 �m regions to
rovide detailed soil textural information (Eisele et al., 2012). A

aboratory analysis indicated that discriminating the quartz or sili-
ate content of soils requires spectral information within the mid-
3–5 �m)  and the thermal-infrared wavelength regions (7–14 �m)
Salisbury and D’Aria, 1992b). Despite these promises and demon-
trated potentials of using TIR regions in determining soil texture
roperties, fundamentals of interactions between thermal spectra
nd sand content have been poorly understood. It is imperative that
onceptual and operational approaches for TIR remote sensing of
and content needs to be developed.

The objective of this study is to examine the feasibility of pre-
icting sand content using a partial least squares regression (PLSR)
nalysis between soil sand content and TIR spectral signatures.
he possibility of inferring soil quality as indicated by sand con-
ent is also explored by using first and second derivative indices
f thermal infrared spectra. The work was carried out in several
teps including: (1) soil samples were collected in the field for
aboratory determination; (2) spectral data were obtained from
hese samples using Fourier Transform Spectrometer in the field;
3) PSLR model was developed for predicting soil sand content; (4)
he performance of PLSR models in predicting the sand content and
oil quality was examined using first and send derivative spectral
ndices.

ata and methods

tudy site

The study area is located at the northern foot of the
unlun Mountains along the edge of the Taklimakan Desert

81◦09′–82◦51′ E, 35◦14′–39′29 N) in Northwestern China’s Xin-
iang Uyghur Autonomous Region (Fig. 1). Geomorphology of the
rea is characterized by desert with active dunes and sand seas,
esert pediment with fans, and foothills with deep gorges and
laciated mountains. The landforms and sediments in this region
re polygenetic in origin, being transported, eroded and deposited
y glacial, fluvial, Aeolian and lacustrine processes (Yang et al.,

002). The soil in the region contains 50% sand-size particles with
he rest consisting of impurities such as feldspar, mica, and cement
f silica, iron or carbonates. Most of the soils are coarse in texture,
cid, deep, and low in nutrients.
servation and Geoinformation 33 (2014) 203–210

The continental climate of this region is characterized by severe
weather conditions. From the north to the south, the annual pre-
cipitation decrease significantly from 195 mm to 44 mm,  and the
annual mean temperature ranging from 4.7 ◦C to 11.2 ◦C (Yuquan,
1990). The region entirely depends on the Keriya River, which
vanishes in the sands of the Taklimakan desert (Yang, 2001).
Since the 1950, the Keriya River has been intensely exploited.
Today, the area is suffering severe water shortages under exces-
sive pressure from population increase, agricultural expansion
and most importantly from the steady encroachment of deser-
tification (Hong et al., 2012). The vegetation varies considerably
depending on water condition along the Keriya River, which
include spare brush vegetation and halophilic plants (Yuquan,
1990).

Soil sampling and particle size analysis

Fieldwork was  conducted in August 2012 during a dry season.
25 sites were selected for soil sampling (Fig. 1), which covers a
wider range of soil characteristics. At each site, five samples were
taken from the topsoil (0–30 cm)  on a regular grid of 30 m inter-
vals. In total, 125 samples were collected for laboratory analysis.
The soil samples were air-dried, and sieved through 2 mm sieves,
prepared by chemically removing salts, organic matter, expected
the particle size difference to play a larger role on soil emis-
sivity. Care was taken to ensure that no samples had any soil
moisture or organic matter content remained so that their dif-
ference between the samples would have a negligible effect on
soil texture and soil emissivity. To determine soil sand content,
we analyzed soil samples for the particle size distribution using
MICROTRAC S3500 Particle Size Analyser. The particle-size dis-
tribution was determined using U.S. Department of Agriculture
(USDA) textural soil classification system, which defines the size
of clay (<0.002 mm),  silt (0.002–0.05 mm)  and sand (0.05–2.0 mm)
(Skaggs et al., 2001). The Microtrac S3500 uses laser diffraction
technology to provide accurate, reliable particle size information.
It has a measurement range of 0.02–2800 �m.  Detailed description
of laser diffraction method (LDM) can be found in Di Stefano et al.
(2010).

Soil spectral measurements

Soil radiances were measured using Designs and Prototypes
(D & P), Inc. Mycroft model 102 Fourier Transform Spectrometer.
It is a portable field spectrometer that covers 2–16 �m wave-
lengths with a spectral resolution of 4 cm−1. With a fore optic
of a 4.8◦ field of view, the ground field of view is approximately
20 mm at 650 mm height. The instrument was equipped with
a liquid-nitrogen-cooled two element detector (dual InSb/MCT).
Measurements were calibrated to radiance units (W/m2/sr/�m)
using hot and cold black body measurements. The FT-IR instrument
was always placed at a fixed position during the measurements. To
obtain the spectral emissivity of each sample, four raw data files
are required; three are for calibration (warm blackbody, cold black-
body, downwelling radiance) and one is sample surface radiance.
The blackbodies (warm blackbody and cold blackbody) are used to
calibrate the sample surface radiance and downwelling radiances.
The downwelling radiance data is collected from a diffuse reflec-
tor. Emissivity was  measured on clear days without cloud cover
and no wind. In addition, we  performed a series of measurements

typically within about each 10 min. During the measurements, tem-
peratures of the fore-optics, diffuse reflector, the air, and the sample
surface were collected with thermistors to detect any changes in
the thermal environmental conditions that affect the accuracy of
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Statistical analyses are often used to extract the information
about the soil attributes that is hidden within the spectral infor-
mation. Essentially, this involves regression techniques coupled
ig. 1. The location map  of the study area. Black triangles in the left-bottom image
rom  Landsat ETM+ data and black solid circles represent sampling locations.

he measurements. The algorithm used to compute the emissivity
s given by Johnson et al. (1998) and Salisbury et al. (1994).

S(�) = Ls(�) − lDW (�)
B(TS, �) − lDW (�)

(1)

here εS(�) is the surface emissivity of the sample as a function of
avelength; LS(�) is the calibrated radiance of the sample; lDW (�)

s the calibrated radiance of the downwelling radiance; B(TS, �) is
 Planck function at the sample temperature. Eq. (1) requires the
oil surface temperature is known, which can be determined by a
east-square analysis aimed to minimize the spectral smoothness

easure below (Ingram and Muse, 2001):

 =
∑N−1

j=2

(
j − j − 1 + j + j + 1

3

)2

(2)

here εj is the emissivity at the j band, N is the band number. The

stimated surface temperature is then taken to be the tempera-
ure that yields the smoothest emissivity curve (Fig. 2). We  found
he temperature value by iteration of the value that minimizes the
pectral smoothness measure (Fig. 3).
sents major cities. The image to the left is color composite (7, 4, 2 in RGB) derived

Statistical analyses
Fig. 2. Emissivity calculated using the 11 different temperature levels ranging from
17.4 ◦C to 21.4 ◦C at the 0.4 ◦C intervals. The solid curve represents the best fit to
emissivity estimation obtained from spectral smoothness method.



206 M.  Sawut et al. / International Journal of Applied Earth Observation and Geoinformation 33 (2014) 203–210

F
n

w
2
e
h
v
t
m
r
u
n
b
a
m
(
v
s
w
r
s
a
d
v
m
t
r
e
y
(
i
a
b
e
T
m
i
u
e
l

R

S

m
c
s
c
t

ig. 3. Illustration of the spectral smoothness principle. The best spectral smooth-
ess coefficient was obtained at the temperature of 19.4 ◦C.

ith spectral preprocessing (Ben-Dor, 2002; Dehaan and Taylor,
002; Farifteh et al., 2007). Firstly, spectral separability of differ-
nt sand content was determined. For a spectrum consists of many
ighly correlated neighboring wavelengths, the spectral correlation
ectors were generated in order to capture spectral information
hat may  strongly relate to sand content. Coefficient of deter-

ination (R2) was estimated by sequential regression of spectra
atios against sand content. Larger R2 in positive or negative val-
es indicate spectral bands are sensitive, and have a positive or
egative relationships with the predicted soil sand content. The
ands with highest coefficient of determination values are selected
s the measurement bands for the final sand content predictive
odel. We  used five prior to partial least square regression model

PLSR) analyses including reciprocal, logarithm, standard normal
ariety (SNV), first-derivative (1st-d), second-derivative (2nd-d)
pectra of samples (Wetterlind et al., 2013; Yang et al., 2002). Next,
e applied PLSR to predict sand content. PLSR is a multivariate

egression method that specifies a linear relationship between a
et of dependent (response) variables, Y, and a set of predictor vari-
bles, X (Haaland and Thomas, 1988). As a powerful tool specifically
esigned to deal with the data consisting of many independent
ariables and reduce collinearity within the data like the ther-
al  infrared spectra (Martens and Naes, 1996; Wold et al., 2001),

his approach has been proven to be effective in quantifying the
elationship between soil properties and spectral data (Udelhoven
t al., 2003; Yang et al., 2003). Detailed description of the PLSR anal-
ses can be found in Geladi and Kowalski (1986) and Wold et al.
2001). We  also use quadratic and exponential model to exam-
ne a possible nonlinear relationship between sand content in soils
nd thermal spectra. Finally, we examined the model performance
y comparing the coefficient of determination (R2), and standard
rror (SE) calculated from both calibration and validation dataset.
he dataset were divided into two subsets, one for building the
odel (50 samples) and one for validation (20 samples). The R2

ndicate strength of statistical correlation between measured val-
es and predicted values for models, and SE indicate estimation
rrors (Taylor, 1997). The T test is carried out using a significance
evel of 5%,  ̨ = 0.05 for the significance of regression.

esults

oil analyses

Based on the laboratory analysis of the 50 samples used for
odeling, the sand content were between 27.32% and 93.21%, and
lay content varied between 2.32% and 10.53%. For the validation
amples sand content ranged from 23.45% to 96.63%, and the clay
ontent from 3.65% to 11.62%. Particle size measurements showed
hat the majority of the samples were composed of coarse grained
Fig. 4. Thermal spectral variations of soil with different levels of sand content:
showing spectrally responsive regions.

quartz, while the few samples contained a mixture of clay-sized
minerals of kaolinite and feldspar. The results indicated that the
soil samples represented a general characteristics of soil textural
properties in the study area.

Spectral analysis

Both the overall shape of the spectrum and absorption bands
is important in explaining the spectral properties of soils (Ben-Dor
and Banin, 1995). Fig. 4 presents the emissivity spectra for the soil
samples that sand content varies from 30% to 95%. We  observed that
the emissivity and spectral contrast differ across the 8.6–10.3 �m
(A), 10.3–11.7 �m (B) and 11.7–12.5 �m (C) wavelength regions
(Fig. 4). In region A, the absorption features are broad, formed two
asymmetric absorption bands at near 9.4 �m wavelengths with
a great spectral contrast. Whereas, near 8.5 �m which is located
just before start of the region A, there appears another absorp-
tion feature. However, the spectral responses to the change in sand
content were relatively less significant as can be seen from over-
lapped spectral shapes. In region B, spectra showed a moderate
differences indicating sensitivity to smaller or medium amount of
sand content. In region C, the absorption features were narrow and
sharp, appearing at near 11.7 �m and 12.5 �m.  Smaller spectral
differences were observed for samples with small or larger sand
content.

Notably, the results showed that the 8.6–10.3 �m region pro-
vides overall separability of soil samples with different sand
content. This may  be resulted from the scattering properties of the
sand dominated soil in which Si O cations have strong fundamen-
tal molecular vibrations in the reststrahlen (7.5–12.3 �m) bands
than in any other portion of the TIR spectrum. In general, the rest-
strahlen features in thermal infrared, soil spectra exhibit trends in
position, strength, and number of features that are diagnostic of
the relative proportions of the Si and O cations in the soil minerals
(Salisbury et al., 1991; Salisbury and D’Aria, 1992b). Fig. 4 shows
that the different sand content is distinct in this spectral region.
Overall, these results demonstrated that there is a spectral region
that can be used to infer sand contents with statistical significance.

Correlations between sand content and spectra

Fig. 5 shows the relationship between the correlation coef-
ficient and emissivity spectra derived from different processing
algorithms. It is evident from Fig. 5 that the best performing wave-
length spans 8.6–10.3 �m regions. Larger R2 were found over larger
portions of this region. The observed general trend is that diagnos-

tic band positions were shifting to this region with increasing sand
content, which located in the reststrahlen bands (Fig. 5a). The cor-
relations between sand content and spectral data are summarized
in Table 2. Among the different processing algorithms, largest R2
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Fig. 5. Relative spectral of correlation coefficient of sand content: (a) raw spectra; (b) reciprocal; (c) logarithm; (d) standard normal variety (SNV); (e) first derivative (1st
d);  (f) second derivative (2nd d).

Table 1
Descriptive statistics for the soil samples.

Data Soil property Min Max Mean Standard deviation

Data set for model
developing

Sand (%) 27.32 93.21 81.73 4.25
Clay  (%) 2.32 10.53 7.27 2.21
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Data  set for validation Sand (%) 23.45 

Clay  (%) 3.65 

ere found with the raw spectra and 1st derivative. In particularly,
he largest correlations between the spectra and sand content were
ocated in 9.422–9.473 �m range with peak at 9.447 �m,  indicating
otential for estimation of sand content. It is worth to mention that
he 11.0–13 �m regions were no sensitive to sand content.

While the correlation regression with reciprocal, logarithm,
tandard normal variety (SNV) and first-derivative (1st-d) spectra
ncovered additional, subtle spectral features contributing to the
and content predictions, the second derivative (2nd-d) spectra was
seful to find important spectral features related to clay minerals
Table 1 and Fig. 5f). 2nd-d correlation for sand content was  con-
entrated in the 10.824–10.858 �m ranges with peak at 10.841 �m
nd 10.824 �m (Fig. 5f). The latter 2nd-d features are associated
ith the presence of clay minerals, such as kaolinite (China Clay),
hich occurred in our soil samples.

The key finding of the correlation regression study was that sand
ontents are directly linked to the emissivity spectra that make
ifferent sand content spectrally distinct, 2nd-d derivative spectral

eatures can help to find clay minerals in soil. We  thus conclude that

 soil thermal infrared signature is closely associated with sand con-
ent, and the 9.435–9.447 �m range is best for delineating different

able 2
escriptive statistics of correlation analysis between spectra and sand content.

Pre-treatments Maximum correlated
(spectra/�m)

Coefficients of
determination |R2|

Raw spectra 9.447 0.72
Reciprocal 9.445 0.71
Logarithm 9.434 0.71
Standard normal variety

(SNV)
9.550 0.59

First derivative (1st d) 9.472 0.72
Second derivative (2 nd d) 10.841 0.71
96.63 84.52 3.47
11.62 8.34 3.35

sand content. This is important for mapping soil quality, particu-
larly to tackle key soil related environmental threats such as soil
erosion, land degradation and plant growth potential.

Model calibration and validation

Table 3 and Fig. 6 summarize the PLSR model performance for
estimation of sand content. Compared to Exponential (Fig. 6a) and
Quadratic (Fig. 6c) models, the best fit was  found with the PLS model
(Fig. 6b). Fig. 6b shows the predicted versus measured sand content
for this models. For both calibration and validation dataset, signif-
icant correlations and predictive power were achieved with the R2

values of 0.88 and 0.87, respectively. This is also indicated by the
low SE values as shown in Table 3. As mentioned before, the higher
sand content prediction accuracy can be attributed to scattering
properties of soil.

The calibration dataset showed a slightly better prediction
results (R2 = 0.88 and SE = 2.54), while the R2 values of validation
dataset were lower (R2 = 0.87 and SE = 2.79). The correlations
between measured and estimated sand content using PLSR model
are illustrated in Fig. 7. The predictive power of the model was
demonstrated by R2 of 0.88. Also the p-value for the both dataset
is lower than the common alpha level of 0.05, which indicates the
results are statistically significant.

In addition, we  compared this PLSR model to nonlinear regres-
sion models. Using exponential and quadratic model did not
improve the model performance. The SE are generally higher

(Table 3). The poor sand content estimations based on these models
are presumably related to linear relationship between sand con-
tent and spectra. Overall, these results indicated that PLSR model
is useful in sand content predictions.
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Table  3
Performance statistics of PLSR calibration models.

Datasets Model type x Model R2 SE

Calibration
Exponential

9.434–9.473 �m
y = 0.3945e8E−6x 3.88

Quadratic y = −3 * 10−11 × 2 + 6 * 10−6x + 0.5462 3.47
PLS y = 7 * 10−6x + 0.5106 0.878 2.54

Validation PLS y = 0.6446x + 0.2026 0.869 2.69

ent: (a
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Fig. 6. Model of emissivity spectra for predicting sand cont

iscussion

The study area is dominated by an undulating sand plain sys-
em, and ours samples included few clay soil samples commonly
ound in the area of investigation. The soil consists predominantly
f quartz with clays, resulting in characteristic restrahlen band
n the 8.0–9.5 �m region. The thermal infrared spectral regions
3–5 �m and 8–14 �m)  contains information on quartz, feldspars,
ilicate minerals, mafic, clay, carbonate mineral group, and organic
ompounds (Chabrillat et al., 2013). As expected, the relationship
etween sand content and soil emissivity in the TIR regions demon-
trated positive and negative peaks of correlation coefficients
Fig. 5). It also showed that the 8.0–9.5 �m is the important spectral
egions for the prediction of sand content, which fit with the occur-
ence of the most distinctive spectral features for this wavelength.
erivation of clay mineral content, sand content, and organic car-
on content was performed based on indices derived from the TIR

egion using the 9.5 �m,  8.62 �m,  and 3.45 �m spectral features,
espectively (Hewson et al., 2012). A good correlation with mineral
ontent was observed for the quartz index, which demonstrated

Fig. 7. (a) Validation using a validation dataset for the PLSR spectral model; (
) PLSR model; (b) quadratic model; (c) exponential model.

the added value of the TIR region (emissivity) to the VNIR-SWIR
region (Hewson et al., 2012).

Commonly used spectral pre-treatments include the 1st and
2nd Derivatives, which has practical advantages for PLSR analy-
ses (Buddenbaum and Steffens, 2012). In our study, four different
spectral pre-treatments were tested, but the influence of the differ-
ent pre-treatments on the spectral analyses was found to be small.
Although several authors noted the benefit of transforming spec-
tra before further analyses (Udelhoven et al., 2003; Stenberg and
Viscarra Rossel, 2010; Rossel and Chen, 2011), these pretreatments
were not helpful except for the 2nd derivatives. This is probably due
to the fact that pre-treatment methods are designed for baseline
corrections, and their effect is minimal when the baseline variance
is small (Buddenbaum and Steffens, 2012).

A number of statistical regression approaches were evaluated
for their pros and cons to predict soil spectral properties by Viscarra
Rossel et al. (2006). Among these methods, the PLSR is more robust,

and commonly used (Vohland and Emmerling, 2011). The statis-
tics of estimated sand content as given in Table 3 show how well
the variable can be predicted from emissivity data by using the

b) scatter plot of measured values and predicted values with the PLSR.
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LSR model. The prediction power of sand content can be con-
idered good, because the R2 values are higher than 0.8. For the
alidation dataset, more than 95% of variations are explained by
he emissivity variable (Fig. 7a). The poor soil sand content estima-
ions from the nonlinear model (see Table 3) was  probably due to
1) there exist stronger linear relationship between sand content
nd spectra, or (2) the selected model could not capture the non-
inear relationship. Other nonlinear calibration models, for example
eural networks (NN), might be explored since it showed a great
otential for estimating and mapping salt-affected soil, clay con-
ent and soil organic matter (SOM) (Farifteh et al., 2007; Yang et al.,
003).

The interest on determining soil textural properties including
omposition of sand, clay and silt should be high as predictive
apping of areas vulnerable to desertification and/or soil erosion

as become on of the critical issues under changing climate., typi-
ally demonstrated by increased soil erosion (Hewson et al., 2012).
he challenge is that it typically requires extensive field work and
aboratory analysis, and therefore large scale observation of soil
extural parameters are extremely difficult unless otherwise uti-
izing remote sensing techniques. With recent developments in
IR remote sensing, the chance of the prediction of soil textural
roperties continues to grow (Ben-Dor and Banin, 1995).

onclusion

Research, conservation and management efforts are calling for
ethods to map, monitor and predict the soil properties to under-

tand their impact on soil quality. Thermal infrared remote sensing
s a potential tool for mapping soil properties; however, efforts are
eeded to generalize methods and algorithms capable of carrying
ut this task. We presented a study of the spectral separability of the
ost common soil properties found in arid and semi-arid regions

sing thermal infrared sensing. Also, we investigated the possibili-
ies of TIR wavelength region to quantitatively derive sand content
n soils.

Our study showed that the 9.435–9.473 �m regions hold the
romise of greater prediction accuracy for predicting soil sand con-
ent. Among the Exponential, Quadratic and PLSR models employed
n this contribution, the PLSR model was identified as the most
otential predictive model of sand content. Best predictive results
ere achieved using TIR spectral signatures in this region with a

2 of 0.87 and a SE of 2.79. We  also found that second deriva-
ive of thermal infrared spectra is useful to detect kaolinite in soils.
he results of this study demonstrated that thermal infrared data
rovide a useful tool for predicting the sand content in soil that
ommonly occurs in arid region.

Although the approach presented here was  based on field
easurements of sand content and thermal spectra, it provides
eaningful insights to predict and map  sand content over large

eographical region using TIR satellite imagery, which is critical in
esigning future thermal sensors.
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