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Soil salinization is a major desertification process that threatens especially the stability of arid ecosystems.
There is an urgent need for intensive monitoring and quick assessment of salinization through remote
sensing as a tool for combating desertification in such ecosystems. Recent researches have revealed that
in order to retrieve soil salt contents accurately from hyperspectral reflectance, a pre-knowledge of salt
typesisrequired, which greatly outlines the spectral features of saline soil reflectance. In this study, a set of

Keywords: feature parameters have been developed after a thorough investigation of spectral responses to different
Arid land . . . . . ..

Soil salinity soil salt types and salt contents for quick and accurate classification of soil salt types. The application has
Salt type been validated using three independent datasets composed from: laboratory experiments (dataset I), in-
Hyperspectral situ field measurements (datasetII), and satellite-borne Hyperion image (dataset III). For comparison, four

other common classification algorithms have been validated using the same datasets. The results showed
that the new approach proposed in this study performed well with not only single-type but also multiple-
type salts for which the four common algorithms performed rather fairly. Furthermore, validating using
datasets II and Il showed that the newly proposed approach had a stable performance while the other
four failed, indicating the advantage of the new approach. The feature parameters developed in this study
hence provide a novel and efficient approach for salt type classification from reflectance spectra, and we
foresee its potential applications on large-scale soil salt type mapping towards better understanding soil
salinity characterization from remote sensing data.

Feature parameter
Classification algorithm
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1. Introduction Remote sensing offers a quick and efficient tool for soil saliniza-

tion identification and monitoring (Wang et al., 2012a). Compared

Soil salinization is one of the most common land degrada-
tion processes in arid and semi-arid regions (Richards, 1954;
FAO, 1988), where accumulated soluble salts in the soil, influ-
ences soil properties and the environment, and hence affecting
soil productivity (Mahmoud et al., 2009). Typically, saline soils
are highly erosive and have poor structure, low fertility, low
microbial activity, and other attributes not conducive for plant
growth (Masoud et al., 2006). To enhance sustainable agricul-
tural management in arid and semi-arid environments, timely
and proper decisions on combating soil salinization must be
achieved through early identification and monitoring of salt-
affected areas.
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with expensive, time-consuming and intensive sampling require-
ments of traditional techniques for identifying and monitoring
soil salinization, high revisiting frequency and large spatial cov-
erage of remote sensing data offers incomparable advantages on
understanding spatiotemporal variations of soil salinity. In the
past decade, remote sensing has been used widely to inves-
tigate soil salinity (Ben-Dor et al., 2002; Dehaan and Taylor,
2002, 2003; Metternicht and Zinck, 2003; Farifteh et al., 2006,
2008; Mahmoud et al., 2009; Wang et al., 2012a). These ranged
from simple visual interpretation of hardcopy satellite images to
sophisticated spectral unmixing and multivariate linear and non-
linear techniques (Dehaan and Taylor, 2002, 2003; Farifteh et al.,
2007).

Despite the existence of numerous studies, application of
remote sensing data in salinity studies remains a mounting chal-
lenge. In nature, saline soils commonly contain different salt types
which greatly affects soil reflectance and may therefore cause
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significant errors during soil salt content estimation (Wang et al.,
2012b). Several earlier studies have tried to deal with this dilemma.
For instance, based on laboratory control experiments with differ-
ent salt types and content levels, Howari et al. (2002) reported that
different salt types exhibit completely different spectrum curves.
Our previous study had shown that the soil spectra of different
salt types are very different and even greater than the differences
caused by different salt content levels of a single salt type, indi-
cating that accurate retrieval of soil salt content requires prior
identifying the salt types (Wang et al., 2012b). However, whether
the recent efforts in modeling and classification techniques are
able to overcome this limitation and provide a relatively accu-
rate method in salinity studies remains a challenge. Farifteh et al.
(2008) tried to identify different soil salt types using two spec-
tral identification algorithms (PIMA and TSG), based on statistical
methods identifying an unknown mineral from a reference library,
but obtained low accuracy. Although there are a number of algo-
rithms available for classification, they usually require complex
statistical processes and very few studies have ever reported suc-
cess for soil salt type classification.

Parameters of spectral features may offer another approach for
soil salt type classification. Feature parameters generally can rep-
resent the main feature characteristics of the entire wavelength
domain but with high-adaptability to spectral resolution and with
high-sensitivity to a given specific property (Kokaly and Clark,
1999). Therefore, use of spectral feature parameters may provide a
simple and faster alternative for property-understanding including
classification. There are many studies that have used varied spec-
tral feature parameters (in some studies called shape parameters
or feature characteristics) in retrieving vegetation and soil prop-
erties such as chlorophyll (Baranoski and Rokne, 2005; le Maire
etal., 2004), vegetation water content (Curran etal.,2001; Mutanga
et al., 2005), environmental stress (Clevers et al., 2004; Kooistra
et al., 2004) and so. For soil properties, several attempts have been
achieved by use of varied spectral feature parameters (such as the
position, depth, width, area). These included soil composition (Van
der Meer, 2004; Xu et al., 2008), soil grain size (Ghrefat et al., 2007),
soil rubification (Ben-Dor et al., 2006), soil moisture (Dematté
etal., 2006; Lobell and Asner, 2002), and soil salinity (Taylor, 2004;
Farifteh et al., 2008), but few on soil salt types. Since feature param-
eters have several advantages on applications, such as their simple
forms, their ability to represent the main feature characteristics of
entire wavelengths, their high-adaptability to spectral resolution,
and their high-sensitivity to specific parameter (Kokaly and Clark,
1999), it is foreseen that they may offer a quick and easy way also
on soil salt type classification.

This paper aimed at developing novel spectral feature param-
eters that are specifically oriented to providing simple and quick
classification of soil salt types based on hyperspectral reflected
information. Such feature parameters are identified and general-
ized via thorough investigations on reflected spectra collected from
soils treated with different salt types and concentrations in labo-
ratory. They are further validated using in situ field-measured data
(dataset II) and hyperspectral image data obtained by the satellite-
borne Hyperion sensor (dataset III). In addition, for comparison,
the current commonly applied classification techniques in remote
sensing studies, e.g. mostly maximum likelihood (Jia and Richards,
1994; Gopinath, 1998), k-nearest neighbor (Denceux, 2008; Franco-
Lopez et al., 2001), support vector machine (Cortes and Vapnik,
1995; Vapnik, 1998) and artificial neural network (Hammerstrom,
1993; Nurnberger et al., 2002), are applied for classifying soil salt
types. All the four techniques have been widely applied in many
studies, such as land cover, crops, natural vegetation, soil charac-
teristics (Mucherino et al., 2009) with remote sensing imagery, or
hyperspectral measurements etc., but with few studies on soil salt
types.

2. Materials and methods
2.1. Laboratory experiment, field sampling, and different datasets

2.1.1. Controlled laboratory experiment (Dataset I)

Spectral data of artificial soils with different soil salt types and
salinity were measured in laboratory. Typical non-saline surface
soil (soil salt content of ca. 0.154% as determined in laboratory later)
from Sanggong River watershed (43°09'45°29”N, 87°47'88°17”E) in
Xinjiang, China, was collected and moved to laboratory (see Fig. 1
for the watershed location and sampling strategy). The watershed
covers a drainage area of 1670km? and experiences a continen-
tal type of climate with an average annual rainfall of 220 mm and
an average annual temperature of 6.9°C (Luo et al., 2003). The
alluvial plain in our sampling site has a fine-textured soil (sandy
loam with sand of 44.37%, silt of 42.68%, and clay of 12.95%) (Wang
et al., 2012a). The soil samples were air-dried, crushed, and passed
through a 2-mm sieve to form the base soil for further experi-
ments. Thereafter, the samples were treated with different salts
and corresponding spectral data were taken in the laboratory.

The salt minerals mainly responsible for salinity of soil are
found within three chemical groups, i.e., carbonates, halides, and
sulphates. Therefore, pure NaCl, Na;CO3 and Na;SO, in solutions
were used to produce three single-type and three salt mixtures
(NaCl+Na,CO3, NaCl+Na;S04, and Na,CO3 +Na;S04) at various
salinities. For three single-type salt groups, 7 different levels of salt
concentration by weight of dry soil was assigned for each saline
soil treatment, which has been replicated three times. While for
the three salt mixtures, different proportions of the given two salts
were set ranging at 1:9, 3:7, 5:5, 7:3, and 9:1. For each proportion,
5 different levels of soil salt content from 7 g/kg to 200 g/kg were
examined with three replicates, resulted in a total of 75 measure-
ments for three composite groups. Reflected spectra were taken
using an ASD spectroradiometer covering wavelengths from 350
to 2500 nm (ASD FR, ASD, USA). Detail description of experiments
can be found in Wang et al. (2012a).

2.1.2. Field in situ measurements (Dataset II)

The Dataset Il composed different salt types, salinity, and other
soil properties as well as reflected spectra taken using ASD spectro-
radiometer in situ in field. In total 31 sampled sites were collected
in May 2009 inside the watershed across the alluvial plain (oasis)
in the low reaches where soil salinization frequently occurs (see
Fig. 1 for locations). Each composite sampled site consisted of five
subsamples collected within a 90 x 90 m grid, and the position
was determined with a GPS unit. After soil reflected spectra were
measured in situ in the field, the composite topsoil samples were
collected and taken to laboratory for analysis of soil chemical and
physical properties (including soil moisture, electrical conductiv-
ity, pH, concentrations of eight soluble salt ions, and total soluble
salt content). Detail description of spectra measurements and soil
sampling can also be found in Pu (2010) and Wang et al. (2012a).

2.1.3. Satellite-born data (Dataset III)

An additional dataset retrieved from a Hyperion image dated
on May 12, 2009 covering the sampling area as well as within
the period of field measurements was compiled for further anal-
ysis. Hyperion image was processed through various procedures
as detailed in Pu (2010) before being used to retrieve satellite-
borne hyperspectral reflectance for each sampled sites. Procedures
included destriping, smile effect correction, atmospheric correc-
tion, as well as geometrical correction (Goodenough et al., 2003;
Kruse et al.,, 2003). Atmospheric correction was based on the
FLAASH module inside ENVI software. Geometrical correction has
been based on a geo-referenced TM scene using 16 ground con-
trol points (GCPs) and obtained an RMSE of 0.44 m. Satellite-borne
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Fig. 1. Study location and sampling strategy. In total 31 sampled sites were selected inside Sanggong watershed across the alluvial plain (oasis) in the low reaches. Each
composite sampled site consisted of five subsamples collected within a 90 x 90 m grid. The background image was from the Hyperion data acquired on May 12, 2009 when

field measurements were taken.

reflectance spectra were then extracted from all available 176
(8-57, 79-120, 128-166, 179-223) bands after having removed
noisy bands and two overlapped bands (VNIR 56-57 and SWIR
77-78) from the original 242 spectral bands of Hyperion at the 31
sampling sites based on their GPS locations (Pu, 2010).

2.2. Spectral feature parameters for soil salt type classification

Spectral feature parameters are generally designed from the
band position, depth, width, or area that specifically responds to
a given property under examination. They are widely applied in
remote sensing studies for their simple and quick identification of
a given property, e.g. the red edge inflection point (REIP) (Dawson
and Curran, 1998). However, to the best of our knowledge, there is
no report of such feature parameters for rapid soil salt type clas-
sification. Consequently, we have generalized a new set of feature
parameters, namely, @ and Rmean, for achieving this task, following
the work by Wang et al. (2013). The pattern parameter « (iden-
tical to « in Wang et al., 2013) is defined as the angle of line 1
(reflectance at 350 nm to the peak reflectance within the domain
of 750 to 850 nm) with line 2 (the peak reflectance of 750-850 nm
to the peak reflectance from 1800 to 2200 nm). The other parameter
Rmean refers to the mean reflectance value of the entire wavelength
domain from 350 nm to 2500 nm (see Fig. 2 for definitions). This
two parameters are simple, easy to calculate but with high sen-
sitivity to different salt types and can adapt to different spectral
resolutions.

The pattern parameter « was found to be mainly determined
by salt types (P=0<0.001). As reported by Wang et al. (2013), «

was confined to a specificrange of [107.7°, 129.6°],[129.6°, 134.7°],
and [134.7°, 169.0°], corresponding to spectra of Na;CO3, NaySO4,
and NaCl type of saline soils, respectively, with only very few over-
lapped cases under high salt contents (Fig. 3a and b). Statistical
test revealed that salt content did not significantly affect this pat-
tern parameter (P>0.5), since varying the salt contents only led
the changes in the confined range that corresponded to salt types
(Wang et al.,, 2013).

The parameter Rimean Was also found to be sensitive to salt types
(P<0.001). As revealed in Fig. 3a, Rmean decreased with increased
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Fig. 2. Definitions of two spectral feature parameters (o« and Rmean ). ¢ is identical to
o in Wang et al. (2013).
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Fig. 3. Confines and variations of the two spectral feature parameters with different salt types and contents.

concentration levels of NaCl type of saline soils while an inverse
trend was identified for Na,CO5 type of saline soils. However, such
pattern did not hold for Na,SO4 type of saline soils. Similarly, no
clear trend of Rmean With concentration levels can be distinguished
with composite salts (Fig. 3d). Even so, the values of Rpean in the
boundary of two salt types separated by parameter « had a large
difference, where one side was larger than 0.5 while the other
side was lower than 0.5 (Fig. 3c and d). Therefore, the parameter
Rmean can be added to compliment classification judgment of the
parameter «, to reduce the probability of false classification of salt

types.
2.3. Soil salt type classification

Since both parameters o and Rpean are sensitive to different
salt types, we designed a new approach to classify salt types using
the soil reflectance data based on the set of parameters, as shown
in Fig. 4: when a>142, or 136 <« <142 and Rpean <0.5, the sam-
ple was classified as NaCl type; when 136 <« <142 and Rpean > 0.5,
or 130<a <136, or 125<a <130 and Rpean > 0.5, the sample was
classified as Na,SO4 type; when 125<a <130 and Rpean <0.5, or
<125, the sample was classified as NaCl type. Rpean Values of
field ground-based measured spectra and satellite-borne spectra
are commonly lower than that in the laboratory measured spec-
tra, thus we applied 0.4 for dataset Il and 0.3 for dataset III in this
study.

For comparison, four typical classification algorithms that
have been widely validated and applied, namely, Maximum
likelihood (Richards, 1993), k-nearest neighbor (Denceux, 2008;
Franco-Lopez, 2001), Support vector machine (Vapnik, 1998),

and artificial Neural network (Wilkes and Wade, 1997), were
also examined in this study for salt type classification. For
each algorithm, twenty percent of the distinctive dataset | were
used for training, while the other eighty percent for valida-
tion.

Performance evaluation of different classification algorithms
was based on the confusion matrix, from which a series of descrip-
tive and analytical statistics been derived (Foody, 2002). In this
study, three typical parameters (Accuracy, Reliability, and Kappa
Coefficient) that widely been applied in classification assess-
ment were used (Congalton, 1991). They were calculated from
the error matrix of each classification accordingly (Congalton,
1991).

r oa>142 —_ salt type is NaCl
136<0<142  Rpyean<0.5

Rmcan>0 S5

Using reflectance
data to calculate
Rinean and o value

130<0<136 ~—————p salt type is Na;SOq4

125<0<130 Rpean>0.5

Rmeun<0 S

\ a<125 — salttypeis NayCO;
Fig. 4. Classification algorithms for soil saline types based on spectral pattern
parameters.
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3. Results

3.1. Classification results using dataset I (controlled laboratory
experiment)

3.1.1. Single-type salts

For all five classification algorithms (maximum likelihood, k-
nearest neighbor, support vector machine, neural network, and the
spectral feature parameters), Table 1 has summarized their clas-
sification accuracies and reliabilities for the three single-type salts
that formed dataset I. Perfect performance with an accuracy of 100%
for classifying NaCl was obtained from all the commonly applied
algorithms except the spectral feature parameters proposed in this
study, which obtained reliable (84.6% accuracy) but inferior to the
other four counterparts. Again, the poorest performance of the pro-
posed method on classifying Na;SO4 was noted compared with
the best performance of support vector machine at 84.6%. How-
ever, the best performance for classifying Na,CO3 was obtained for
the spectral feature method which had an accuracy of 85.7%. On
reliability basis, k-nearest neighbor was found to be most reliable
for NaCl classification (92.3% accuracy), while the neural network
method was best for Na,SO4 (100%) and the newly proposed spec-
tral feature parameters for Na;CO3 in the meantime. Considering
salt types, the NaCl type had the largest classification accuracy, but
was relatively inferior in accuracy for the other two salt types (ran-
ging from 61.5% to 92.3%). The reliabilities of all five methods on
three single salt types were similar (80% on average). Overall, the
results indicated that all the five methods had similar high classifi-
cation accuracy and reliability judging only from Kappa coefficients
(k, all >0.68).

3.1.2. Composite salt mixtures

Low performances were observed for all the commonly applied
classification algorithms except the newly proposed approach in
case of salt mixtures, as indicated in Table 2. All four commonly
applied classification algorithms obtained 65% to 75% of classifi-
cation accuracies for NaCl rich salts, compared with their 100%
accuracies for the single type of NaCl salt. Much larger drop of clas-
sification accuracy was found for Na,SO4 rich type of soils, where
the accuracies varied from 25.0% to 45.0% for the four commonly
applied classification algorithms. Furthermore, they generally had
classification accuracies below 25.0% for Na;COs rich soils type.
The level of reliability also dropped to 40s% (from 41.9% of support
vector machine to 46.4% of maximum likelihood) for NaCl-rich soil,
while 25.0% to 45.0% for Na;SO4 rich type of soils, and 28.6% to 62.5%
for the Na,COs rich type. The Kappa coefficients were decreased
from >0.7 to be less than 0.20 for all the four commonly applied
algorithms.

On the other hand, for all soils with salt mixtures, the new
approach produced the best performance among all algorithms
examined. For NaCl-rich type of soils, the classification based on
feature parameters reached an accuracy of 80.0%. Similar accuracy
(75.0%) was obtained for Na;SO4-rich type of soils. Even if the accu-
racy was found to decrease to 60.0% for Na; COs-rich type of soils, it
remained the best for all algorithms and nearly 3 times better than
that of k-nearest neighbor method. Its reliability was 64.0%, 68.2%,
92.3%, for NaCl, Na,;SO4 and Na, CO3-rich type of soils, respectively.
The Kappa coefficient of the newly proposed method remained high
(k=0.58) for different types of salt soils.

When soils with multiple-type composite salts are considered,
the NaCl-rich type soils can be well classified (85% by the new
method, and 65.0-75.0% by the other four commonly applied meth-
ods), while for the other two composite multiple-salt types had less
accurate classifications except when the newly proposed method
was used (60.0-75.0% by the new method, 20.0-45.0% by the other
four typical methods). Similar low reliability of the three mixed

salts was obtained when the four typical methods were used (40%
on average), while that of the newly proposed method was much
higher (64.0%, 68.2%, 92.3% for NaCl-rich, Na;SO4-rich and Na;SO04-
rich salt types, respectively).

3.2. Classifications using datasets II and III (with field in situ
measured spectra and extracted from Hyperion images)

Both datasets (I and III) had same soil salt types and other soil
properties, but reflected spectra were different. The spectra con-
tained in dataset Il were taken in situ in the field, while those in
dataset IIl were retrieved from simultaneous Hyperion image cov-
ering the sampling region. Laboratory analysis revealed that the
dominant negative ion of the collected 31 soil samples was SO42~
(87.85% of total negative ions, see Table 3 for the results of con-
centrations of eight soluble salt ions of all samples) followed by Cl~
(9.13%) while the dominant cation was Na* (81.47% of total positive
ions, see Table 3) followed by Ca2* (10.87%). Hence, the soil types
contained in both datasets were dominated by Na,SO4 and most of
them should be classified as Na;SO4—rich multiple salts.

Table 4 summarized the classification results of all five classifi-
cation methods using datasets Il and III. The results showed that all
the four commonly applied classification methods failed to predict
the salt type, such that most of the samples were misclassified to
NaCl-type, leading to very low classification accuracies (all less than
20%). While the newly proposed approach, on the other hand, con-
sistently gave good classification results for both datasets (with an
accuracy of 61.3% for dataset Il and 45.2% for dataset III), indicating
its wide application for field soil salt classification.

4. Discussion

Salt minerals within three chemical groups, namely carbonates,
halides, and sulphates, are mainly responsible for salinity of soils
(Richards, 1954). Salt minerals in nature are rarely pure, since
trace elements are often trapped in crystal lattices during crys-
tallization and thus affect the spectral properties of saline soils
(Hunt and Salisbury, 1970). Howari et al. (2002) and Farifteh et al.
(2008) revealed that different salt types have very different spec-
trum curves based on laboratory control experiments with different
salt types and several salt content levels. Using similar laboratorial
approach, Wang et al. (2012b) confirmed that soil spectra of differ-
ent salt types were very different and revealed that the difference
due to different salt types even greater than the differences caused
by different salt content levels. They also argued that for accurate
retrieval of soil salt content from reflected spectra, it is paramount
to classify the salt types (Wang et al., 2013).

As a common approach, soil salt types and salinity are deter-
mined through laboratory analysis of soil samples collected in the
field on the eight soluble salt ions concentrations, which is costly,
time consuming and only with point information. Therefore new
approaches such as optical remote sensing are necessary for detec-
ting salt types more efficiently. Although remote sensing has been
widely used for collecting information on soil salinity in the past
decades (Ben-Dor et al., 2002; Metternicht and Zinck, 2003; Taylor
et al.,, 1994, 2001), few studies attempted to highlight salt types’
effects on soil spectra or classify different salt types from remotely
sensed data. Farifteh et al. (2008) had attempted to identify the dif-
ferent salt types using two spectral identification algorithm (PIMA
and TSG) but with poor accuracy. Hence, remote sensing technique
remains a major challenge for quickly detection of soil salt types
despite its importance in monitoring soil salinization.

Various spectral feature parameters (such as the absorption
position, depth, width, area) derived from spectra have been widely
applied in remote sensing studies to retrieval many subjects,
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Table 1
Summarized results of the salt type classify of the three single salt types using 5 different classification methods.

Method Accuracy Reliability Kappa

Coefficient
NaCl (%) Na,SO04 (%) Na,COs (%) NacCl (%) Na,S04 (%) Na,COs (%)

1 100 76.9 81.8 69.2 81.2 83.3 0.73

Il 100 69.2 71.4 76.9 92.9 81.8 0.73

11 100 84.6 81.8 69.2% 86.7 84.6 0.77

v 100 76.9 84.6 84.6 81.3 100 0.81

\ 84.6 61.5 85.7 92.3 78.6 72.7 0.69
Method I: maximum likelihood; II: k-nearest neighbor; III: support vector machine; IV: neural network; V: the reflectance shape parameters method.
Table 2
Summiarized results of the salt type classify of the three multiple salts types.

Method  Accuracy Reliability Kappa

Coefficient
NacCl rich (%) Na,SOy4 rich (%) Na,COs rich (%) NacCl rich (%) Na,SOy4 rich (%) Na,COs rich (%)

1 65.0 45.0 25.0 46.4 50.0 35.7 0.18

11 70.0 25.0 20.0 438 35.7 28.6 0.08

11 65.0 35.0 25.0 419 43.8 38.5 0.13

1\% 75.0 40.0 25.0 45.5 42.1 62.5 0.20

\ 80.0 75.0 60.0 64.0 68.2 92.3 0.58
Method I: maximum likelihood; II: k-nearest neighbor; IIl: support vector machine; IV: neural network; V: the reflectance shape parameters method.
Table 3
Summary of salt types and salt content of the 31 in situ field soil samples.

Ion content (g/kg) Negative ion Positive ion EC 1:5 (ms/cm) SSC (g/kg)

CO32- HCO;~ Cl- S04%~ Ca?* Mg?* K* Na*

Proportion% 0.25 2.77 9.13 87.85 10.87 2.56 5.10 81.47 - -

Mean 0.02 0.21 0.68 6.51 0.39 0.09 0.18 2.92 2.63 1.12

Max. 0.15 0.36 2.79 30.43 1.13 047 04 13.68 9.97 4.69

Min. 0.00 0.08 0.02 0.25 0.00 0.01 0.04 0.14 1.90 1.03

SD 0.03 0.06 0.79 7.17 0.36 0.11 0.09 3.29 2.44 1.13

ranging from vegetation parameters (Baranoski and Rokne, 2005;
Cleversetal.,2004; Curranetal.,2001; Kooistra et al., 2004; le Maire
et al., 2004; Mutanga et al., 2005) to soil properties (Ben-Dor et al.,
2006; Dematté et al., 2006; Farifteh et al., 2008; Ghrefat et al., 2007;
Lobell and Asner, 2002; Taylor, 2004; Van der Meer, 2004; Xu et al.,
2008).For soil salinity, Taylor (2004) described how the shape of the
hydroxyl absorption feature at 2200 nm (depth and width) changes
with increased salinity (hydroxyl depth versus width). Apart from
usually focused absorption position, depth, width and area types
of feature parameters, Hill and Schuett (2000) proposed to para-
meterize the shape of the reflectance continuum in the range of
0.35 to 1.4 wm to estimate soil organic matter concentration. This
was based on the fact that the specific influence of organic mat-
ter on spectral reflectance is not expressed in narrow absorption
bands but determined by the overall shape of the reflectance in
that domain. Since different salts with similar absorption bands
exhibits very different overall shapes, the approach by Hill and
Schuett (2000) was followed to classify soil salt types where feature

parameters are used to describe the overall spectral shape rather
than specific absorption feature (e.g. position, depth, width, area).

Statistical analysis revealed that the feature parameter o was
mainly determined by salt types (P=0<0.001). As shown in Fig. 3a
and b, the « values of single salt types or multiple-type composite
salt types generally produced different ranges with marginal over-
laps among different salt types resulted from varied salt contents,
which may produce some misclassifications between the bound-
aries of salt types. To compliment for it, another parameter Rmean
was proposed based on the fact that soils with overlaps of « often
exhibit large different values of Rmean. Combination of both o and
Rmean can therefore reduce the probability of miss-classification. In
addition, Rmean may also be helpful for bridging the gaps between
laboratory analysis and field application, as Rmean values in field
or satellite-borne are generally lower compared in laboratory con-
trolled environments for being affected by soil moisture or other
factors. By properly reducing the Ryean threshold can improve clas-
sification accuracy and practical application of this method in field.

Table 4
Summarized results of the salt type classify of dataset Il and III.
Method Dataset I Dataset III
NaCl Na;S04 Na;CO3 Accuracy (%) NaCl Na;S04 Na,COs3 Accuracy (%)
1 25 4 2 12.90 27 2 2 6.45
Il 22 3 6 9.68 28 1 2 3.23
11 23 2 6 6.45 29 1 1 3.23
v 21 6 4 19.35 25 5 1 16.13
A% 10 19 2 61.3 16 14 1 45.2

Method I: maximum likelihood; II: k-nearest neighbor; IIl: support vector machine; IV: neural network; V: the reflectance shape parameters method.
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Apparently, commonly applied classification algorithms per-
formed well with single type salt soils, especially for NaCl and
Na, S04 types because distinctive spectra are generally associat-
ing with soils with a specific type of salt. However, this is not the
case for soils with multiple types of salts. All commonly applied
algorithms failed to work with soils containing multiple types of
salts if judged from Kappa coefficients, especially when containing
NaCl. We note that even with a small proportion of NaCl, com-
monly applied algorithms generally classified them as NaCl type
saline soils, regardless of the proportions of being occupied either
by Na,CO3 or Na,S0O, in these soils. This therefore caused a large
number of Na,;SO4 rich and Na,COs rich soils to be incorrectly
assigned as NaCl rich type. On the other hand, the new approach is
not only applicable to single salt types but also to the mixed salts,
as proven from the high classification accuracy (reached 80.0%,
75.0%, and 60.0% for NaCl-rich, Na;SO4-rich and Na, CO3-rich soils,
respectively) and a fairly good overall Kappa coefficient (k=0.6).

Furthermore, the newly proposed approach is the only method
that can be easily applied under field conditions as indicated from
the validation results from datasets II and III. For field collected
spectra and soil samples, the newly proposed approach obtained an
accuracy of >60% (dataset II). Decreased accuracy was found when
satellite-borne parameters were used primarily due to the atmo-
spheric correction errors, even though it is the only method that
had an accuracy of 45%. It is conceivable that the accuracy could
be improved on satellite-borne remote sensing data with better
atmospheric corrections and hence paving way for rapid retrieval
of saline type information for large spatial area. However, we real-
ized that validations solely based on datasets II and IIl were not
enough since the soil samples collected from field were only domi-
nated by one type of salt (Na,SO,4). Extensive validations with other
dominant types of saline soils are required in the future studies.

In this approach, it is also noteworthy that NaCl type saline soils
are generally classified better than other soils, since soils with other
saline types are mistakenly classified as NaCl type but seldom with
NaCl type saline soils. The reason may be due to the similarity of
spectra of NaCl saline and salt-free base soils. This leads to incorrect
identification of Na,CO3 and Na,SO4 types saline soils as NaCl type.
Similar trend was found for multiple-type saline soils with gradual
reduction in classification accuracies from NaCl rich to Na,SO4 and
Na,CO3;—rich types of saline soils. This may probably due to the
stronger effects of NaCl on spectra than the other types of salts and
hence leading to incorrect classifications even with Na;SO4 rich and
Na,COs3 rich saline soils. Since the spectra of saline soils with small
amount of Cl~ ion tend to be identical to NaCl-rich, common classi-
fication methods may fail to distinguish them. On the contrary, the
new approach developed in this study is based on spectral features
that are highly sensitive to salt types and thus have high poten-
tial for application in saline soil classification. This novel approach
should be helpful for improving soil salinity retrieval as well for its
ability in providing saline type information.

5. Conclusions

Remote sensing offers a rapid and inexpensive approach to
monitor and assess soil salinization in arid land. Although soil
salinity has been retrieved directly from hyperspectral reflectance,
recent studies have revealed that a pre-knowledge of salt types
plays an important role on retrieval accuracy of soil salinity since
soil saline types greatly shapes spectral features of saline soil
reflectance. However, commonly applied classification algorithms
such as neuron network, support vector machine among others
have all failed to provide saline type information directly from
hyperspectral reflectance and hence a challenge still exists for
remote sensing applications on soil salinization. The novel spectral

feature parameters method developed in this study is specifically
oriented to solve this dilemma. Generalized from laboratory exper-
iments, the set of parameters were validated using field collected
samples and proved their sensitivities to saline types. Further
extension of using satellite-borne feature parameters has also
been validated using field data. As a fair performance was obtained
even with satellite-borne data, the newly proposed method may
therefore pave a way for rapid retrieval of saline type information
from satellite recorded reflectance, and the accuracy is foreseen to
improve with better atmospheric corrections. However, extensive
validation of the new method especially with various saline type
soils is still required to enhance its wide application.
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