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Quantitative Determination of the Optimal Scale for
the Proportion of Saline-Alkali Patches of Soda
Saline-Alkali Land in Northeast China

Yakun Cao"”, Guanglei Hou ", Ziqi Chen

Abstract—As an important index reflecting the degree of soil
salinization and alkalization, the proportion of saline-alkali patches
(PSP) is beneficial for identifying the degree of saline-alkali land on
alarge scale with high spatial heterogeneity. However, determining
the optimal scale for observing PSP remains inconclusive. In this
article, we considered a typical area of saline-alkali land, which
is located in Da’an City in Northeast China, as an example and
selected nine sample areas from the sentinel-2A remote sensing
images to calculate the salt index. According to the semivariogram
function, we obtained the spatial autocorrelation range of the aver-
age radius of saline-alkali land. By combining the Nyquist-Shannon
sampling theory, we determined the optimal scale for the remote
sensing monitoring of saline-alkali land in Da’an City. The PSP
index is calculated using this scale. The results were as follows:
First, the optimal scale for the remote sensing monitoring of saline-
alkali land in Da’an City is 41.2 m, and the calculated PSP index
at this scale has the best correlation with the measured pH value
data (R? = 0.828). Second, Using the PSP index calculated at this
scale, we divided the degree of saline-alkali land in Da’an City into
three grades. Among them, the slightly, moderately, and severely
saline-alkali lands cover areas of 90.52, 111.78, and 959.77 km2,
respectively. In this article, we propose a new method for grading
the degree of soil salinization and alkalization on land with high
spatial heterogeneity, providing technical support for the utilization
of saline-alkali land.

Index Terms—Grading and mapping, optimal scale, semivario-
gram function, soda saline-alkali land in Northeast China, the
proportion of saline-alkali patches (PSP).

Manuscript received 14 December 2023; revised 23 January 2024; accepted 9
February 2024. Date of publication 16 February 2024; date of current version 1
March 2024. This work was supported in part by the National Key Research Pro-
gram under Grant 2021 YFD1500104-3, in part by the Strategic Priority Research
Program of the Chinese Academy of Sciences under Grant XDA28110503 and
in part by Graduate Innovation Fund of Jilin University. (Corresponding author:
Zhaoli Liu.)

Yakun Cao is with the Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences, Changchun 130102, China, and also with the
University of Chinese Academy of Sciences, Beijing 100049, China (e-mail:
caoyakun21 @mails.ucas.ac.cn).

Guanglei Hou and Zhaoli Liu are with the Northeast Institute of Geography
and Agroecology, Chinese Academy of Sciences, Changchun 130102, China
(e-mail: houguanglei @iga.ac.cn; liuzhaoli@iga.ac.cn).

Ziqi Chen is with the Jilin University, Changchun 130102, China (e-mail:
chenzq0227@163.com).

Yanfei Gong is with the Changchun Institute of Engineering, Changchun
130102, China (e-mail: gongyanfei97@163.com).

Jinyuan Zhou is with the Jilin Agricultural University, Changchun 130102,
China (e-mail: zjy516666@ 126.com).

Digital Object Identifier 10.1109/JSTARS.2024.3366773

, Yanfei Gong

, Jinyuan Zhou ", and Zhaoli Liu

1. INTRODUCTION

ALINE-ALKALI land, which is an important resource
S for agricultural development, is defined as saline-alkali
grassland or saline-alkali bare land. Soda saline-alkali land is
concentrated in Northeast China, with tremendous potential for
development [1], [2], [3]. Conducting large-scale acquisition
of information regarding the degree of land salinization and
alkalization is crucial to optimizing land resource allocation,
ensuring national food security, and promoting socio-economic
development according to the local conditions [4], [5], [6].

In recent years, remote sensing technology has enabled the
acquisition of large-scale information on saline-alkali land. Con-
ventional statistical regression and intelligent machine learning
methods are predominantly employed to assess the degree of
land salinization and alkalization. By constructing a model that
links soil spectral indices from remote sensing with measured
soil point data, the degree of saline-alkali land can be ob-
tained. Alternatively, the degree of land salinization and alka-
lization can indirectly be inferred from the inhibitory effects of
soil salinity and alkalinity stress on vegetation [7]. However,
owing to the high spatial heterogeneity of saline-alkali land in
Northeast China, describing its variation characteristics at the
spatial polygon-level solely based on measured point-level data
is challenging. This approach has shortcomings, such as poor
accuracy and high cost. To overcome these challenges, creating
a polygon-level index that can directly characterize the degree
of land salinization and alkalization is crucial. Considering the
difficulties of relying solely on measured point-level data, this
method enables a more accurate and cost-effective assessment
of salinization and alkalization levels.

The national standard for the grading indicators of natural
grassland degradation, desertification, and salinization issued
in 2003 [8] states that the proportion of saline-alkali patches
(PSP) is a polygon-level indicator reflecting the degree of saline-
alkali land, which can be used to characterize the proportion
of saline-alkali patch areas to grassland areas. The higher the
PSP, the more severe is the degree of land salinization and
alkalization. However, currently, this indicator is roughly esti-
mated through manual visual inspection and has poor accuracy.
Moreover, owing to the uneven size of saline-alkali patches in
soda saline-alkali land, the PSPs obtained at different scales of
remote sensing observation are not always the same, making
them rarely applicable on a large scale.
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As ahotissue, many scholars have carried out a lot of research
on the optimal scale, which has been applied in urban landscape
[9], [10], lake landscape [11], farmland landscape [12], and
other directions. However, choice of the optimal scale is still
an unsolved problem. During the remote sensing monitoring, if
the observation scale is too large, the accuracy of the monitoring
results is insufficient. On the contrary, if the observation scale
is too small, more job and cost will be needed. The optimal
observation scale can reveal the real distribution law of ground
objects to the greatest extent [11]. Therefore, determining the
observation scale to calculate PSP is a prerequisite for its appli-
cation.

Previous studies have indicated that an appropriate observa-
tion scale for land features can be selected based on the range of
spatial autocorrelation [11], [12]. The size of the range of spatial
autocorrelation of the saline-alkali patches in the average state
can help characterize the average size of the saline-alkali patches
and can be used to determine the optimal scale of the observation.
Atthis observation scale, we considered that the degree of spatial
variation of saline-alkali patches inside the window is similar or
the same (homogeneous units), making it a suitable observation
unit for calculating the PSP.

The semivariogram function in geostatistics is a classical
method to describe the spatial variation of ground objects and
explore the spatial autocorrelation of landmarks [13], [14]. This
can explain the spatial heterogeneity of land features caused
by natural or human factors and quantitatively characterize
spatial heterogeneity information. Wen et al. [12] investigated
the heterogeneity of farmland landscapes in the Sanjiang Plain
based on a semivariogram function, quantitatively analyzed the
spatial heterogeneity of the target study area, and determined
the optimal scale for remote sensing monitoring. Chen [15]
established a spatial heterogeneity model for urban heat islands
based on a semivariogram function and analyzed their spatial
variation characteristics and spatial scale effects. Atkinson and
Aplin [16] and Atkinson and Curran [17] used a semivariogram
function to analyze the maximum correlation distance between
observation samples and determine the optimal resolution in
remote sensing applications.

In this article, the semivariogram function was used to deter-
mine the optimal scale of observations of saline-alkali patches
in the study area, calculate the PSP, and quantitatively ascertain
the variation characteristics and ranges of saline-alkali patches.
Finally, the PSP was used as the grading index to classify the
saline-alkali land in Da’an City.

II. STUDY AREA AND DATA COLLECTION AND
PRE-PROCESSING

A. Study Area

The study area was Da’an City, Jilin Province, which is located
in the Baicheng area of western Jilin Province. The wind period
in this region is long, the spatial and temporal uniformity of
precipitation is poor, and the degrees of land salinization and
alkalization are significant. The main type is soda saline-alkali
land [2], [5], which is highly representative of the processes of
land salinization and alkalization in the Songnen Plain [17], [19].
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The research object in this article was the saline-alkali land
in Da’an City, namely, saline-alkali grassland and saline-alkali
bare land. Using land-use data from 2020, the range of saline-
alkali land in Da’an City was superimposed, as shown in Fig. 1.
To better reflect the spatial heterogeneity characteristics of the
entire study area, we used a 1500 x 1500-m grid to divide the
salt index (SI) data in the study area into sample areas of equal
sizes, as shown in Fig. 2. According to the equidistant method,
the S7is layered into three levels (0.15-0.50: level 1; 0.50-0.86:
level 2; and 0.86—1.21: level 3). The average SI values within
each sample area were used to classify the values into different
levels. Combined with the different spatial patterns of saline-
alkali land, in each grade of random sampling, a total of 9 typical



5380

sample areas were selected (three sample areas for each grade,
of which sample areas 4, 5, and 7 were grade 1; sample areas 3,
8, and 9 were grade 2; and sample areas 1, 2, and 6 were grade
3). To the best of our knowledge, different types of ground-
object-variation structures have been included to improve the
representativeness.

B. Data Collection and Pre-Processing

1) Remote Sensing Image Data: We obtained 4 sentinel-2
level 2A surface reflectance images taken from June 2022 from
the European Space Agency using the Google Earth Engine
(GEE) platform (see Fig. 1).

On the one hand, because the rainy season in Northeast China
is August and September, and June is not significantly affected
by rainfall, alkali patches are more easily identified on the image.
On the other hand, the fractional vegetation coverage is low, and
the alkali patches have not been completely covered, which can
distinguish saline-alkali land from bare soil.

These data included 13 spectral bands, namely, visible light,
near-infrared, and shortwave infrared, as well as three quality
assessment bands (i.e., quality assessment band). The spatial
resolution of the image is 10 m. Cloud and shadow mask
processing was conducted, and the cloud cover was less than 5%.
Then, we mosaicked these Sentinel-2 remote sensing images by
the same acquisition date and clipped them to the scope of the
study area using GEE.

2) Actual Measured Soil Data: In this article, 62 topsoil
samples (0-20 cm) were collected in the range of grassland and
bare land in Da’an City in June 2022 (see Fig. 1). And each soil
sample was collected at least 200 m off the road, and five sites
were mixed as one soil samples. The samples were naturally
dried, ground and sieved (1 and 0.25 mm). The soil pH was
determined by soil suspension and pH meter (pHS-25) with a
water-soil ratio of 5:1.

III. METHODOLOGY

Fig. 3 shows the flowchart. First, the SI value was calculated
based on sentinel-2 images and then by binarizing the SI data,
the saline-alkali and nonsaline-alkali patch data of Da’an City
were obtained. Second, based on the semivariogram, the optimal
observation scale of the PSP is determined, and the PSP is cal-
culated on the binarized data. Finally, the degree of salinization
and alkalization of land in Da’an City was obtained.

A. Equations of Spectral Index SI and Identification of
Saline-Alkali Patches

The blue and red bands are highly sensitive to soil salinity [5],
[21],[22], [23]. Therefore, the salt spectral index SI[(1), where B
and R represent the blue and red bands, respectively] was applied
in this article, and its binarized saline-alkali and nonsaline-alkali
patch data were used as the basis for calculating the PSP

SI= VBxR. (1)

On the basis of visual interpretation, first, 60 pure alkali patch
pixels region of interest (ROI) were selected in the original
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sentinel image. Secondly, we identified a set 7, which includes
the minimum S7 value (denoted as minx) in each ROI of saline-
alkali patch pixels. Finally, we selected the smallest value ¢ (2)
from the set T as the threshold of image binarization processing.
So, as to identify saline-alkali and non-saline-alkali patches

T = {min, min, min...... min}
7727773
t = min(T). (2)

B. Determination of the Range of Spatial Autocorrelation of
Saline-Alkali Land

As a tool for spatial variation structure analysis, the semi-
variogram function is based on the second-order stationary
hypothesis, which is the theoretical foundation of geostatistics.
It is mainly used to analyze the overall spatial distribution char-
acteristics of target attributes, distribution of structure, spatial
randomness, and spatial autocorrelation [24], [25], [26], [27].
Based on the semivariogram function, the salinity index SI is
used as a regionalized variable; namely, the SI value is a function
of the spatial coordinate position of the pixel [26], [27]. Thus, it
is used to describe the variation characteristics of saline-alkali
land in the study area and quantitatively express the range of
spatial autocorrelation of saline-alkali land in Da’an City.

1) Experimental Semivariogram Function: The SI values of
any positions x and x + & are denoted as Z (x) and Z (x + h),
respectively. The vector distance between the two is h, and the
number of point pairs in the image range that meet the conditions
is N(h). Half of the relative increment variance in the difference
between the two was the semivariogram value. The calculation
equation is expressed as follows:

_SulZ@) - Z (@ +n)
(h) = == 2N (h)

For the selection of the vector distance h in a certain direc-
tion (such as east-west or south-north), the maximum variation

3)




CAO et al.: QUANTITATIVE DETERMINATION OF THE OPTIMAL SCALE FOR THE PROPORTION OF SALINE-ALKALI PATCHES

5381

TABLE I
DIFFERENT FITTING MODELS OF THE SEMIVARIOGRAM AND THEIR INTEGRAL RANGE EQUATIONS

Model Formula Ae
e G-Iy nss
Exponential model y(h) = 2r 2r /5
(Co+C)*  h>r
. 2 3n
Spherical model y(h)=(Cy+C) " (1—exp( - 7)) 2wht /9
distance of the calculated experimental semivariogram is 1/3 of r—
the space range I of the image (1500 x 1500 m), namely, 500 m 1 14011 ol el el B
[12], [28]. It was 700 m in all directions. The maximum spacing 1 1101 116 | 21732 | 2732 0 | 1
of the SI values was selected without considering the direction.
We used the professional software GS+ 7.0 to calculate the 1 1] 1[0 » e oo il [
experimental semivariogram of the nine sample areas. ololol1]1 ol ol ol1]1
2) Theoretical Semivariogram Function: We aimed toreflect
the spatial heterogeneity characteristics of the SI value in the Ljp1rjp1rj0f0 o e e R

entire distance and all directions, and quantitatively analyze
the spatial variation characteristics of the S/ value in different
directions and distances. We used the correlation model (the
fitting models used in this article were the spherical and expo-
nential models) to fit the theoretical semivariogram function of
the discrete values obtained by the experimental semivariogram
function and obtain the relevant variation characteristic param-
eters. The equation is expressed as follows:

ElZ (z)— Z (z+ h)])?

1) = ; . @

In (4), v(h) is the theoretical semivariogram value (hereinafter
referred to as the semivariogram value). Z (x) and Z (x + h) rep-
resent the values of the regionalized variable SI at a distance | /2 |.

Theoretically, when the distance between two SI values is zero
[24], the semivariogram value should also be zero. However,
owing to the complexity of the actual geographical environment,
the semivariogram value is greater than zero, which is called a
nugget, representing the random variation of the SI value. When
~(h) reaches a certain value, it tends to be stable and no longer
increases.

At this point, the semivariogram value is called the sill [29],
[30], and the transition from nugget to sill is called the partial
sill. The sill represents the overall spatial variability of the S/
value, including random factors and structural spatial variations.
The degree of variation in the SI that is affected by the spatial
structure can be determined from a partial sill. The nugget-to-
sill ratio (nugget-sill ratio) is used to quantify the proportion of
random variations [11], [13]. & is the step distance corresponding
to the first time of sill realization, which is called the effective
range A. The range represents the maximum distance of spatial
autocorrelation between SI sample values. When this value is
exceeded, the spatial correlation is significantly weakened or
even irrelevant.

3) Determination of the Range of Spatial Autocorrelation
Under the Average State: Owing to complex changes in the

Fig. 4. Schematic diagram of the coarsening algorithm.

actual geographical environment, the quantitative characteriza-
tion of multiscale and multi-level spatial heterostructures is still
weak. Therefore, an index integral range A, was used in this
article, which organically integrates the spatial structure (spatial
autocorrelation) and spatial variability [28], [31] to quantita-
tively express the spatial heterogeneity. The integral range A is
expressed as follows:

1 2
Ac(%+cy/0%+0> T(0))dh. ©)

In (5), y(h) is the semivariogram fitting model selected in the
sample area, and the integral range equations corresponding to
the exponential and spherical models are given in Table 1.

The arithmetic square root D. is used to express all the
structural parameters of the fitted model into a single feature
distance, which is the weighted average of the parameters in
different spatial ranges. It was used to characterize the spatial
autocorrelation range of the average state of the S7images in the
study area. It can be used as a standard to determine whether
the spatial scale of an image is sufficiently large to detect alkali
spot information [26].

4) Calculation of the PSP: We developed a coarsening
algorithm program based on Python [32], setting the window
on the image and side length as the optimal observation scale.
Considering the example of a saline-alkali patch pixel, as shown
in Fig. 4, the 2 x 2 window comprises four layers, and all the
pixels in the four-layer window of the upper left, lower left,
upper right, and lower right are used. The average value was
accumulated and the coarsening result was used as the new pixel
value for the image. The sliding window is used to calculate the
PSP of the entire image [33].

5) Accuracy Assessment: The Pearson correlation coeffi-
cient is used to measure whether the two datasets are on a
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TABLE II
NATIONAL GRADING STANDARDS FOR THE DEGREE OF LAND SALINIZATION
AND ALKALINIZATION

Rate of saline-alkali pH Degree of land salinization
patches (%) and alkalization
<15% 8.5-9 Slight
15%—30% 9-9.5 Moderate
30%—50% 9.5—10 Severe
>50% >10 Extremely severe

line, which can reflect the linear relationship between the fixed
distance variables [34]. The calculation equation is expressed
in (6): we estimated the observation scale of the saline-alkali
patches according to the different settings and calculated the
PSP. Pearson’s bivariate correlation analysis was conducted
using the SPSS software to analyze the correlation between the
PSP value and measured pH sample point values. The rationality
and accuracy of the scale were verified, and the optimal scale
showed the highest correlation

N wiyi — ) iy _
NS - (SN T - (w0’

In the (6), P represents the Pearson correlation coefficient, N
represents the amount of data of independent variables, and x
and y represent two independent variables, respectively.

6) Classification Standard of Saline-Alkali Land: According
to the national classification standard for the salinization and
alkalization of PSP index (GB-19377-2003) [8], we classified
and mapped the degree of land salinization and alkalization in
the study area. The standard is as Table II.

P= 6)

IV. RESULTS

A. Types of GraphicsResults of Extraction of Saline-Alkali
Patches

The threshold for the extraction of saline-alkali patches in the
study area was set to 0.24 (2), and the SI image was binarized.
The recognition results are shown in Fig. 5. The number of
saline-alkali patch pixels was 1.35 x 107, accounting for 64%
of the total number of pixels. The number of nonalkali spot
pixels was 7.68 x 10°, accounting for 36% of the total number.
Combined with the land-use dataset of 2020, the pixels of
saline-alkali patches were randomly selected, and the kappa
coefficient was used for the consisten-cy test. When K = 0.70,
the classification results were highly consistent, and the accuracy
was good.

B. Determination of the Optimal Scale of PSP Observation

1) Omnidirectional Spatial Heterogeneity Analysis: In this
article, the normality of the nine sample areas was tested. The
results showed that the data for the remaining seven sam-
ple areas deviated from the normal distribution, except for
sample areas 6 and 9. Therefore, standardized preprocessing
must be conducted, such as standard normal, square root, and
logarithmic transformations, on SI data. Semivariogram fitting

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

123°20°E 123°40°E 124°0°E 124°20'E
L 1 1 n

N

45°40N
N
T
45°40N

45°30N

45°30N

45°20N
n
T
45°20N

T
45°10N

45°10N

45°0N

45°0N
N

l: Saline-Alkali Patches

0 10 km
- Non Saline-Alkali Patches
IZ}"Z()'I. ]23"40'1. ll-‘l’ﬂ'lz 124 “1()‘1»
Fig. 5. Results of the identification of saline-alkali patches.

006 { il

—o— Nugget
0.05 - '

=3
®

Parameter Values
(=]
o
w
1

0.02 -
0.01
0.00
T T T T T T T T T
1 2 3 4 5 6 7 8 9
Sample Area

Fig. 6. Changes in fitting parameters of various zones.

of SI data was conducted using different models to obtain the
corresponding fitting parameters, as given in Table III.

Based on the two parameters of fitting accuracy, namely,
R? and fitting variance root mean square error (RMSE), we
determined the optimal fitting model and its fitting parameters
for each sample area. As given in Table III, except for sample
area 0, the optimal fitting results for the other sample areas
were exponential, and the optimal fitting of sample area 6 was
spherical. The sill value of sample 1 was the highest, indicating
that sample 1 had the largest spatial variation (see Figs. 6 and
7), strongest structure, and was the most easily identifiable. The
sill value of sample area 5 was the smallest, indicating that the
overall spatial variation of this sample area was the smallest and
the structure was the weakest. Combined with remote sensing
images, we can determine whether landscapes of different types
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TABLE III
OMNIDIRECTIONAL VARIOGRAM FITTING INFORMATION OF THE NINE SAMPLE AREAS
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Transformation method Model Nugget Sill A (range)  Nugget-sill ratio RSS R
Area | N S 0.000600  0.055400 59.00 0.011 1.711x10* 0.600
Z-score E 0.007100  0.056200 102.00 0.126 1.130x10 0.745
Arca 2 N S 0.000004  0.001728 67.00 0.002 2.153x107 0.642
Sqrt-Root E 0.000113  0.001766 123.00 0.064 1.046x107 0.838
Area 3 S 0.000001  0.002122 66.00 0.001 1.497x107 0.785
Sqrt-Root E 0.000179  0.002148 108.00 0.083 6.150x108 0.914
Arca 4 n S 0.000500  0.011100 64.00 0.045 6.664x10° 0.633
Log E 0.001590  0.011280 120.00 0.141 3.012x10°¢ 0.850
Area 5 N S 0.000016  0.000424 55.00 0.038 3.446x107 0.750
Sqrt-Root E 0.000051  0.000427 81.00 0.119 1.729x10°° 0.881
Arca 6 v S 0.000131  0.001702 102.00 0.077 2.742x10°8 0.968
E 0.000247  0.001714 135.00 0.144 2.761x10°8 0.965
Arca 7 N S 0.000882  0.003054 105.00 0.289 2.093x107 0.873
Log E 0.000333  0.003076 114.00 0.108 1.724x107 0.895
Arca 8 N S 0.000060  0.012920 67.00 0.005 1.819x107 0.548
Log E 0.001130  0.013260 126.00 0.085 1.237x10° 0.702
Area 9 y S 0.000800  0.031500 48.00 0.061 1.245x107 0.691
E 0.002760  0.031520 54.00 0.025 1.225x107 0.696

Remark: 1) N is non-normal and Y is normal.

2) Z-score: standard normal transform; Sqrt-root: square root transform; log: log transform.

3) S: Spherical model; E: Exponential model.
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Fig. 7. Schematic diagram of the optimal fitting range values for each sample
area.

of ground objects have large spatial heterogeneity. When the
saline-alkali patches are concentrated and other ground ob-
jects are evenly interspersed in a small amount, or when no
other ground objects are present, the spatial variability is small.
Moreover, we found that the nugget value is generally low, the
nugget-sill ratio is not more than 10%, and the overall nugget
effect is not obvious. Therefore, the influence of random factors
on the spatial heterogeneity of saline-alkali patches was ignored
in this article.

TABLE IV

OMNIDIRECTIONAL VARIOGRAM FITTING INFORMATION FOR THE NINE
RESEARCH POINTS

Sample Area  Optimal fitting 4 (m) 4. (m) D, (m)
1 102 6537.03  80.85
2 123 9505.83  97.50
3 108 7328.71  85.61
4 120 9047.79  95.12
5 81 4122.40  64.21
6 102 7263.36  85.23
7 114 8165.63  90.36
8 126 9975.18  99.88
9 54 1832.18  42.80

2) Determination of the Optimal Observation Scale: Ac-

cording to the optimal fitting range value of each sample area, the
A, value and its square root D (x)(x = 1,2,3, ..., 9) were calcu-
lated, as given in Table IV Combined with the Nyquist-Shannon
sampling theorem, when the remote sensing observation scale is
less than D /2, the spatial autocorrelation range in the average
state of the saline-alkali patches can be detected and the spatial
heterogeneity of the saline-alkali patches can be distinguished.
Within the sample area of this observation scale, we considered
that the degree of saline-alkali land is the same. The optimal
scale of PSP observation was set to D./2 in the article.

3) Verification of the Optimal Observation Scale: The D,
value was set differently according to the maximum value of
99.88 m, minimum value of 42.8 m, and average value of
82.4 min each sample area D .(x). For the three D .(x) values, the
correlation between the PSP value and measured pH value was
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analyzed, and a linear fitting model was established to verify the
rationality of the scale. A positive correlation was observed in
all three cases (P < 0.05).

When the minimum value of D, of 42.8 m was considered,
the observation scale is D./2 = 21.4 m, and the accuracy of the
linear fitting model between the PSP and measured pH value
was 0.75 and the RMSE was 0.463, as shown in Fig. 8(a).
When the average value of D, of 82.4 m was considered, the
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TABLE V
AREA AND PROPORTION OF EACH DEGREE OF LAND SALINIZATION AND
ALKALIZATION
Degree of land salinization .
A km? R
and alkalization rea (k) atio

Non 350.84 23.19%

Slight 90.52 5.98%

Moderate 111.78 7.39%

Severe 959.77 63.44%

observation scale was D /2 = 41.2 m, and the accuracy of the
linear fitting model between the PSP and measured pH value
(R*) was 0.828 and the RMSE was 0.418, as shown in Fig. 8(b).
When the maximum value of D of 99.88 m was considered and
the observation scale was D./2 = 49.94 m, the accuracy R? of
the linear fitting model between the PSP and measured pH value
was 0.812 and the RMSE was 0.393, as shown in Fig. 8(c).

Under the observation scales obtained using the three different
D, values, the positive correlation between the PSP and mea-
sured pH value does not imply that the larger the observation
window, the higher is the correlation between the above two
variables. In this article, the scale with the highest correlation
(namely, the average D, was 82.4 m, and the observation scale
was D /2 = 41.2 m) is the final optimal observation scale.

C. Classification Mapping of Saline-Alkali Land

The above sections showed that the optimal scale of PSP
observations in the study area was 41.20 m. Based on this scale,
an observation window was set to calculate the PSP in the study
area, and the saline-alkali land in Da’an City was graded. The
total area of saline-alkali land in Da’an City is 1162.07 km?,
among which the area of slightly saline-alkali land is 90.52 km?,
accounting for 5.98% of the total area of saline-alkali land. The
area of moderately saline-alkali land is 111.78 km?, accounting
for 7.39% of the total area of saline-alkali land. The area of
severely saline-alkali land is 959.77 km?, accounting for 63.44%
of the total area of saline-alkali land (see Table V and Fig. 9).

V. DISCUSSION
A. Implication of the PSP

The study generates saline-alkali and nonsaline-alkali patch
data by binarizing SI data, and then calculates the PSP on this
basis. We have obtained some spectral indices commonly used
in other studies, combined with the index pH that can show
the degree of salinization and alkalization of land. Then, we
compared and analyzed the correlation between these indices
and the measured pH value of the soil, and selected the spectral
indices according to the strength of the correlation. As shown
in the Fig. 10., the correlation between SI and the measured pH
value is the best, which can better reflect the salinization and
alkalization of land. Therefore, we adopted SI as the spectral
index to carry out research.

Notably, PSP refers to the proportion of the saline-alkali patch
area to the window area in the unit observation window, as
shown in Fig. 11, which is a polygon-level index that can be
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Fig. 10.  Heat map of the correlation between these indices and the measured
pH value of the soil.

directly obtained from the remote sensing spectrum. This can
overcome the deviation between the inversion results of the
nonlinear model and real values of the traditional remote sensing
inversion method for pixels with spatial heterogeneity.

In 1986, Liu and He [35] created a map of soil salinization
in the Xisongnen Plain and reported that the area affected by
soil salinization in this area was 1.23x10* km?, whereas the
estimated area of soil salinization studied by Yu et al. [36]
was considerably lower than the previously estimated area. The
results of Yu et al. [36] showed that from 1991 to 2016, the
increase in the area of farmland covered by salt in the western
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Fig. 11.

Schematic diagram of the PSP principle.

plain of Songnen was the main contributor (59.13%) to the
salt-affected area expansion, whereas those of Li et al. [5] and
other studies suggested that 25% of saline soil was converted
into farmland; thus, the two results were different. The above
study was based on EC point data. Compared with this method,
that based on the area index PSP can more accurately reflect the
real change characteristics of ground objects. It can effectively
reduce the error caused by the internal difference between mixed
pixels, overcome the difficulty of a single point in representing
the spatial polygon-scale features of pixels, and describe the
degree of land salinization and alkalization in land with high
spatial heterogeneity. The key problem in applying the PSP is
the optimal observation window scale.

Wen et al. [12] quantitatively expressed spatial heterogeneity
through a semivariogram function, and introduced a method of
using the integral range A . combined with the Nyquist sampling
theorem to select the optimal scale. However, this method lacks
the necessary verification steps for practical applications. We not
only determined the optimal observation scale from a theoretical
perspective but also verified it on the basis of measured data, and
applied it to practice.

B. Anisotropic Heterogeneity Analysis

The spatial variability function values of the three different
grades of typical SI sample areas were extracted and calculated
from the south-north (0°), northeast-southwest (45°), east-west
(90°), and northwest-southeast (135°) directions (see Fig. 12;
sample areas 1, 4, and 9).

In the south-north direction [see Fig. 12(a)], an obvious
inflection point was observed between sample areas 4 and 9
at an interval of approximately 80 m, indicating that the two
sample areas have clear spatial structures in this space. Com-
bined with Fig. 2, we inferred that this structure is a road
inside the saline-alkali land. Subsequently, the experimental
semivariogram curves changed smoothly and no other obvious
inflection points appeared. The semivariogram value of the
inflection point accounted for a large proportion of the maximum
value in the entire semivariogram curve. This indicates that
in these two sample areas, the spatial structure characteristics
comprising roads are significant in this direction, which is the
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main cause of spatial heterogeneity. The semivariogram curve
of sample area 1 fluctuated the most. We observed an obvious
variation peak at an interval of approximately 150 m, a trough at
200 m, and a maximum at 350 m, reflecting the spatial structure
characteristics caused by different sizes of saline-alkali patches.

In the east-west direction [see Fig. 12(c)], obvious inflection
points were observed in the three sample areas at intervals of
approximately 50 m, indicating that the spatial variability can
be detected at this scale. However, the trend of the variation
curve in the east-west direction of sample area 1 was opposite
to that in the south-north direction, and the maximum variation
was observed at 200 m. This indicated that the spatial structure
characteristics in the east-west direction of the spatial structure
characteristics in the east-west direction of the sample area were
not similar to those in the south-north direction.

The longitudinal comparative observation in Fig. 12 shows
that the variation values of sample areas 1 and 4 were
the largest and smallest, respectively, which was determined by
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the spatial structure of the saline-alkali patches and grassland in
the sample area. However, similarities were observed between
the variogram curves for each sample area. For example,
the change curves of sample area 4 in the four directions
were similar; however, the first wave peak in the south-north
direction was slightly backward, the grassland was widely
distributed, and almost no saline-alkali patch distribution
was observed, indicating the lack of significant difference
in spatial heterogeneity in the four directions of sample
area 4. In sample area 9, except for the northwest-southeast
direction, the other three directions show similar curve changes,
indicating that the spatial variation direction of sample area 9
is northwest-southeast, which is attributed to the distribution of
saline-alkali patches of different sizes in this direction. Sample
area 1 shows the most complex situation, but as indicated by
the observed variation values, the variation value is the highest
in the northwest-southeast direction, which is caused by the
mosaic arrangement of roads and saline-alkali patches.
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Through the structural analysis of the experimental semivari-
ogram function, combined with the anisotropy of the study area,
the size and direction of spatial heterogeneity in the area can be
fully understood. In addition, the natural and man-made driving
factors can be identified to supplement the theoretical basis for
determining the optimal observation window scale of PSP.

C. Analysis of the Spatial Distribution Characteristics of Land
Salinization and Alkalization

The degree of land salinization and alkalization in Da’an City
is mainly severe, and most areas are distributed in the central and
southern parts of Da’an City. Saline-alkali land is concentrated
and contiguous, especially in the southern region.

Notably, the salinization and alkalization of high-coverage
grassland in Da’an City are more serious, which is consistent
with the results of Zhang and Li [37]. Wu et al. [16] concluded
that the area of severe saline-alkali land in Da’an City accounted
for 60.33% of the total area of saline-alkali land. We found that
the proportion of severe saline-alkali land in Da’an City was
63.44%, which is similar to the results of the aforementioned
previous study. The mildly saline-alkali land is mainly located
on the east and west sides of the middle of the city, which may
be owing to the control measures in Da’an City in recent years
to combat land salinization and alkalization, such as planting
saline-alkali-resistant vegetation, rice planting, and raising fish.
These measures have caused the recession of farmland in the
central region and increase in the number of ponds, which
can ensure timely river water supply; thus, the degree of land
salinization and alkalization is low.

D. Inovations and Limitations of Our Study

The perspective in this article is different from the previous
remote sensing inversion and spatial expansion that based on
the measured soil point data. Instead, the polygon-level indicator
index PSP is used as an indicator to reflect the degree of saliniza-
tion and alkalization of land, which can overcome the point-level
indicator errors caused by the high spatial heterogeneity of
soda saline-alkali land in Northeast China. The goal of this
article is the calculation of the PSP. Previously, the PSP was
mostly roughly estimated by artificial vision, lack of quantitative
method.

In this article, it is different from the previous application to
determine the spatial resolution of remote sensing satellite mon-
itoring. The semivariogram combined with the integral range
was used to estimate the observation scale of the PSP, in order
to calculate the PSP scientifically and quantitatively. So, that it
can be closest to the real change law of the saline-alkali land in
the study area, and carry out more accurate monitoring.

By observing the linear correlation between the PSP and pH,
we found that PSP had a good response in high-pH areas. How-
ever, whether the PSP is more suitable for highly saline-alkaline
land still needs to be ascertained. Simultaneously, during the
quantitative analysis of spatial heterogeneity in the study area
and the determination of the optimal observation scale, the
number of typical sample areas can be appropriately increased
to cover more types of landscape patterns, or other statistical
parameters, such as variance and standard deviation, can be used
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to integrate different observation scales in each sample area to
ensure the feasibility of studying the degree of salinization and
alkalization of land on a large scale.

VI. CONCLUSION

In this article, SI data were obtained based on sentinel-2A
images, and the saline-alkali patches in the range of saline-alkali
land in Da’an City were identified. Based on the theory of geo-
statistical semivariograms, the integral range ac was introduced
to integrate the range of spatial autocorrelation and spatial varia-
tion. Its square root D . was used to determine the range of spatial
autocorrelation of saline-alkali land in Da’an City under the av-
erage state of saline-alkali patches. Combined with the Nyquist-
Shannon sampling theorem, the optimal scale of saline-alkali
patches observations in the study area was determined. The cor-
relation between the measured soil pH and PSP was analyzed us-
ing the Pearson bivariate correlation analysis method, and the ra-
tionality of the observation scale was verified. The classification
and mapping of saline-alkali land in Da’an City were realized ac-
cording to the existing national classification standard for saline-
alkali land using PSP. The main conclusions are as follows.

1) The SI data were constructed based on the blue and red
bands of sentinel-2A data. Through binary segmentation,
the saline-alkali patches in the range of saline-alkali land
in Da’an City could be identified. The kappa coefficient
was used for the consistency test, namely, K = 0.70,
the classification results were highly consistent and the
accuracy was good.

2) Landscapes with the same type of ground objects have
low heterogeneity, but they vary with the influence of
small-scale spatial variation (such as roads and canals). A
landscape with a mosaic distribution of different types of
ground objects has great spatial heterogeneity, but shows
great differences with different mosaic distribution modes.
A landscape with a scattered distribution mode has clear
spatial structural characteristics, and its total spatial vari-
ability is large. The clustered mosaic landscape had spatial
structural characteristics at different scales, and the spatial
variation was relatively small.

3) Based on the geostatistical semivariogram theory, com-
bined with the Nyquist—Shannon sampling theorem, our
analysis showed that the optimal scale for the observation
of PSP in Da’an saline-alkali land was 41.20 m. The PSP
calculated at the optimal scale showed good correlation
with the measured soil pH values. The linear correlation
(R?) between the two was 0.828, and the RMSE was 0.418.

4) Considering PSP as the index, the limitations of remote
sensing inversion monitoring and classification mapping
of large-scale saline-alkali land based on point-level data
were overcome. Combined with the national classification
standard for saline-alkali land, the classification of saline-
alkali land in Da’an City was realized. This shows that
severely saline-alkali land was prominent in Da’an City,
accounting for 63.44% of the total, and the area of slightly
saline-alkali land is relatively small. Land salinization and
alkalization in Da’an City are serious issues and require
urgent treatment.
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