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Abstract: Bare land, as a significant land cover type on the Earth’s surface, plays a crucial role in
supporting land-use planning, urban management, and ecological environmental research through
the investigation of its spatial distribution. However, due to the diversity of land-cover types
on the Earth’s surface and the spectral complexity exhibited by bare land under the influence of
environmental factors, it is prone to confusion with urban and other land features. In order to extract
bare land rapidly and efficiently, this study introduces a novel bare land extraction index called the
Bare Land Extraction Index (BLEI). Then, considering both Ganzi Tibetan Autonomous Prefecture
and Urumgi, China as the study areas, we compared BLEI with three presented indices: the Bare-soil
Index (BI), Dry Bare Soil Index (DBSI), and Bare Soil Index (BSI). The results show that BLEI exhibits
excellent efficacy in distinguishing bare land and urban areas. It gets the most outstanding accuracy
in bare land identification and mapping, with overall accuracy (OA), kappa coefficient, and Fl-score
of 98.91%, 0.97, and 97.89%, respectively. Furthermore, BLEI is also effective in distinguishing bare
land from sandy soil, which can not only improve the mapping accuracy of bare land in soil-deserted
areas but also provide technological support for soil research and land-use planning.

Keywords: bare land; sandy soil; Landsat 9; Bare Land Extraction Index (BLEI); remote sensing;
spectral indices

1. Introduction

In recent decades, with rapid technological advancement and continuous population
growth, significant changes have taken place in land cover worldwide [1-3]. Although they
provide a fundamental foundation for improving human quality of life and economic bene-
fits [4], they give rise to a range of environmental concerns, including land resource wastage,
deforestation, biodiversity decline, water environment pollution, soil contamination, and
land desertification [5-7]. Consequently, dynamically monitoring land cover and land-use
changes has become increasingly crucial in the contexts of ecological environments and
human life [8,9]. Among these, bare land, as one of the fundamental land-cover types, de-
fined in this study as land with a minimal vegetation cover of less than 5% or with a certain
degree of coverage by rocks or gravel (with a coverage area exceeding 70%) [10], undergoes
spatiotemporal variations that can reflect changes in urban areas to a certain extent [11].
Furthermore, bare land plays a crucial role in ecosystems, for it not only facilitates material
cycling and environmental regulation but also serves as the foundation for expanding
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agricultural areas to meet the increasing demand for food with the growing population [12].
However, factors such as organic matter decomposition, desertification, salinization, and
erosion may exacerbate the degradation of bare land, leading to a decline in its ecological
functions [13]. Therefore, in situations of limited land resources, precise identification and
extraction of bare land not only contribute to enhancing comprehension of the relationship
between urbanization and the ecological environment [14,15], providing robust support for
land-use planning, city planning, and land administration [16,17], but also contribute to
the protection and stability of ecosystems and make a valuable contribution to agricultural
endeavors [18].

Given the swift advancement in sensors and remote sensing technology, satellites
enable us to acquire information on surface features in a large-scale and high-quality
manner [19,20], providing an outstanding data foundation for studies pertaining to topics
like land-use classification and bare land monitoring [21-23]. As artificial intelligence
technology has advanced, machine learning algorithms and deep learning techniques
have emerged as powerful tools for land-cover classification and bare land monitor-
ing [24-26]. For instance, as for machine leaning, random forest (RF), support vector
machines (SVMs), and artificial neural networks (ANNs) have achieved promising results
in tasks like land degradation monitoring and land-use classification based on remote
sensing imagery [27-29]. As for deep learning, He et al. introduced a novel semantic
segmentation model, Deeplabv3+-M-CBAM (MobileNetV2-Convolutional Block Attention
Module), using channel and spatial attention mechanisms to achieve high-precision bare
land extraction [30]. Additionally, a deep Siamese convolutional neural network model
was designed to automate feature extraction and bare land change detection [31]. However,
the aforementioned machine learning and deep learning methods primarily belong to
supervised classification. To achieve high identification accuracy, a substantial quantity
of high-quality training samples is necessary, leading to significant time and computa-
tional costs [32,33]. In contrast, empirical algorithms like spectral indices can achieve
high-precision target identification in a fast, convenient, simple, and cost-effective man-
ner [34,35]. As an illustration, the normalized difference vegetation index (NDVI) is widely
applied in land-use-related studies to highlight vegetation [36]; the normalized difference
built-up index (NDBI) is used to identify urban regions [37]; and the normalized difference
water index (NDWI) is proposed for water-body extraction [38]. As for bare land indices,
the Bare-soil Index (BI) was introduced for forest-cover density mapping, effectively distin-
guishing between bare land and vegetation [39]. However, this index exhibits a relatively
weak ability to differentiate between bare land and urban areas. Similarly, due to overlap-
ping histograms, both the Bare Soil Index (BSI) [40] and bare soil index 1 (BSI1) [41] struggle
to effectively separate bare land from urban areas. To enhance the discrimination between
bare land and urban areas, researchers have developed the following indices: (1) the ratio
normalized difference soil index (RNDSI), which can effectively differentiate bare land
from urban areas and vegetation but does not consider water bodies [42]; (2) the enhanced
built-up and bareness index (EBBI), which can accurately separate bare land from urban
areas while it struggles to identify bare land areas mixed with dry vegetation [43]; (3) the
Dry Bare Soil Index (DBSI), which demonstrates excellent bare land extraction capability
under arid conditions while it performs poorly in humid regions [44] and (4) the modified
bare soil index (MBI), which exhibits outstanding bare land identification capability in
tropical climate regions [10]. Nevertheless, these indices are still significantly influenced
by the features of the bare land within the study area, such as soil composition, climate
environment, and surface roughness [45]. These factors can introduce variability in the
spectral signatures of bare land, leading to challenges in accurately distinguishing it from
other land-cover types [46]. In response to this, Liu et al., considering spectra curves of
various of extensive and typical bare land, formulated the normalized difference bare soil
index (NDBSI), which not only achieved high precision in distinguishing bare land from
urban areas, vegetation, and water bodies but also accurately separated bare land from
red bricks [16]. In comparison to the above-mentioned indices, the normalized difference
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bare land index (NBLI) exhibits high effectiveness in distinguishing between bare land and
build-up surfaces, but it needs lower spatial resolution thermal infrared (TIR) bands (e.g.,
Landsat TM/ETM TIR band resolution of 60 m, while Landsat 8 OLI/TIRS has 100 m), thus
leading to lower accuracy in bare land extraction [47].

Despite this, widely applied spectral indices specifically designed for bare land are
currently absent in existing research, posing several challenges. Firstly, the physical and
chemical attributes of bare land are susceptible to environmental factors based on spe-
cific areas [48,49]. This susceptibility contributes to a certain degree of complexity in the
reflective spectral characteristics of bare land, giving rise to the occurrence of spectral
heterogeneity within similar substances [8]. Secondly, due to the complexity of bare land’s
spectral features [50,51], existing bare land indices face limitations in distinguishing be-
tween urban areas and bare land [52,53]. Thirdly, there is scarce research on distinguishing
bare land from sandy soil and snowy areas. In regions like western Sichuan and Urumgi in
Xinjiang Province, northwestern China, where snow cover and severe soil desertification
phenomena exist, traditional soil indices may not achieve good results [54].

In addressing the above challenges, this study firstly carries out a comparative spectral
reflectance analysis of bare land, sandy soil, urban areas, vegetation, snow, and water
bodies. Secondly, this study designs a novel bare land index, named the Bare Land
Extraction Index (BLEI), to accomplish high-precision identification of bare land utilizing
remote sensing technology in an environment severely affected by soil desertification
such as western Sichuan and Urumgi in Xinjiang Province, northwestern China. It will
provide a more thorough comprehension of the spatiotemporal variations of bare land in
the study area, offering insightful perspectives on local soil studies, land-use planning,
environmental monitoring, agricultural development, and ecosystem management [55].
Finally, a comparative analysis with three other existing bare land indices (BI, DBSI, and
BSI) validates the efficacy of BLEI in bare land identification.

2. Study Area and Datasets
2.1. Study Area

The geographical region in the study is situated in the southwestern Ganzi Tibetan
Autonomous Prefecture in western Sichuan Province, China (Figure 1), with geographical
coordinates ranging from 29°32'N to 30°57'N and 98°57’E to 100°49’E. It predominantly
covers Batang County and Litang County, including the urban portion of Litang County.
Its altitude ranges from 2500 to 4500 m, with plateaus and mountains. As for climate, the
study area falls within the plateau climatic zone, with the presence of snow cover and
minimal water bodies. Under unique geological conditions and against the backdrop of
global climate change, soil desertification has emerged in this region [56].

In addition, to validate the applicability of the proposed index, this study also selects
Urumgi City in Xinjiang Province, northwestern China as another case (Figure 1). It
mainly covers Urumgqi County, Tianshan District, and includes urban areas belonging to a
continental arid climate in the temperate zone, characterized by snowy mountains, sandy
soil, and water body.
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Figure 1. Map of study areas with their locations.

2.2. Data

The remote sensing satellites Landsat 8 and Landsat 9, collaboratively launched by the
National Aeronautics and Space Administration (NASA) and the United States Geological
Survey (USGS), successfully ascended into orbit in February 2013 and September 2021,
respectively. Equipped with advanced remote sensing sensors, including the Operational
Land Imager (OLI) and Thermal Infrared Sensor (TIRS), Landsat 8 and Landsat 9 enable
high-resolution monitoring of the Earth’s surface [57]. The data obtained from these
sophisticated sensors find extensive applications within the realms like agriculture, forestry,
urban planning, and environmental monitoring, providing crucial information for scientific
research, resource management, and environmental protection [58,59].

To conduct this study, we acquired Landsat 8 OLI and Landsat 9 OLI image data,
comprising seven spectral bands, namely Coastal (0.43-0.45 um), Blue (0.45-0.51 pm),
Green (0.53-0.59 um), Red (0.64-0.67 um), Near Infrared (NIR, 0.85-0.88 um), Short-wave
Infrared1 (SWIR1, 1.57-1.65 um), and Short-wave Infrared2 (SWIR2, 2.11-2.29 um), with
a spatial resolution of 30 m. These bands cover the spectral regions of visible light, near-
infrared, and shortwave infrared, providing diversity and comprehensiveness for remote
sensing analysis and serving as a robust data foundation for bare land-extraction research.
As indicated in Table 1, the Landsat 9 OLI image was acquired from the website https:
/ /earthexplorer.usgs.gov/ (accessed on 10 December 2023) with the acquisition date of
20 November 2022 and a cloud coverage of 0.86%, because the study area is covered with
sparse vegetation, leading to a predominance of bare land in the remote sensing image in
winter. To validate the effectiveness of the BLEI in various environments, we also acquired
Landsat 8 OLI images of Urumgqi City, captured on June 13, 2016, during the summer
season, with a cloud cover of 1.45% (Table 1).
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Table 1. Remote sensing image data table in this study.
. Acquisition . Spatial
Satellite Date Strip Number  Cloud Coverage Resolution
LandsatoOLI 2 N;()v;zrnber 132,039 0.86% 30 m
Landsat 8 OLI 13 June 2017 142,030 1.45% 30m
3. Methods

The technical flowchart of this study is illustrated in Figure 2. Initially, preprocessing
steps such as radiometric correction and cutting are applied to the Landsat 8 OLI and
Landsat 9 OLI images. Subsequently, to validate the effectiveness of the proposed Bare
Land Extraction Index (BLEI), a comparative analysis is conducted against existing indices,
including the BI, DBSI, and BSI. Then, the Multi-Otsu Thresholding (MOT) algorithm is
employed to extract bare land. Finally, based on validation samples, quantitative analysis is
performed using metrics such as the Spectral Discrimination Index (SDI), overall accuracy
(OA), and kappa coefficient to comprehensively assess the effectiveness of BLEI in bare
land extraction.

Landsat 8 OLI and
Landsat 9 OLI images

I

Preprocessing

Radiometric calibration, atmospheric correction,
topographic correction, cutting, etc.

Bare land
extraction

/ Assessment of performance \
and accuracy

| |

| |

Verification | [ SDI j [Overallj [ Kappa j :
samples accurac I
[ Recall ] [Premsmnj [Fl scorej :

Multi-Otsu
Thresholding

Figure 2. The technical flowchart of this study.
3.1. Development of the Bare Land Extraction Index (BLEI)

After radiometric calibration, atmospheric correction, and topographic correction to
obtain surface true reflectance data, this study extracted several pure pixels representing
six land cover types: snow, sandy soil, vegetation, urban areas, bare land, and water bodies.
To delineate the spectral characteristics of each ground object type, the average reflectance
values across all pixels within each category were computed for every spectral band. These
average values were then utilized to generate corresponding spectral profiles for each
land-cover type (Figure 3).

Upon analyzing the spectral reflectance profiles (Figure 3), we can observe that the
difference in reflectance between the SWIR1 and Red bands for bare land is significantly
greater than the difference between the Red and Blue bands. On the basis of this charac-
teristic, Equation (1) is formulated, ensuring that the K values for sandy soil and urban
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areas are positive but lower than that of bare land, facilitating differentiation. However, we
also note that the spectral characteristics of snow and vegetation similarly conform to the
aforementioned spectral features of bare land, resulting in high value of K. Therefore, we
proposed specific constraints M with Equation (2). Generally, the M values are negative for
snow, vegetation, and water bodies, while positive for other land features. Additionally, to
address situations where the Red and Blue band reflectance differences for certain pixels
(e.g., snow, vegetation, and a few bare land pixels) are small, potentially causing excessively
high K values (reaching hundreds or thousands), Equation (3) is designed to compress the
K values so that they are closer to 0 for subsequent analysis. Following the application of
Equations (1)-(3), the K values, as well as BLEI values, are negative for snow, vegetation,
and water bodies, while positive for bare land, sandy soil, and urban areas.

(a) (b)
T T T T T T T T T T T T T T
—&— Sandy Soil
0.3} —*— Vegetation B
L i —¥— Urban
Snow Bare Land
—e— Sandy Soil a5 —<4— Water
—A— Vegetation g
I —v— Urban - S0z 1
Bare Land 2
—<4— Water E

01} /

T
Coastal

T
Blue

T T T T T T T T T T T T
Green Red NIR SWIR1 SWIR2 Coastal Blue  Green Red NIR SWIR1 SWIR2
Band Band

Figure 3. Spectra of different objects with snow (a) and without snow (b) on Landsat 9 OLI image in
Ganzi Tibetan Autonomous Prefecture. Because of the high reflectance of the snow, diagram (b) was
created to facilitate subsequent analysis.

_‘sszkRed M <0

Red—Blue
O R Mo v
M = SWIR1 — NIR )
—In(|K| +1),K <0
BLEI = K,0<K <10 3)
10, K > 10

where, Blue, Red, NIR, and SWIR1 are the Blue Band 2, Red Band 4, Near-Infrared Band 5,
and Shortwave Infrared Band 6 on the Landsat 8 OLI and Landsat 9 OLI images, respec-
tively.

3.2. Comparison with Other Related Remote Sensing Indices

To evaluate the effectiveness of BLEI in bare land extraction, this study conducted
experimental comparisons with three soil indices, namely BI [39], DBSI [44], and BSI [40].
Their respective calculation formulas are as follows:

B — (SWIR1 + Red) — (NIR + Blue)

1 1 4
(SWIRL + Red) + (NIR + Blue) * 100 7100 @
SWIR1 — Green
DBS] = ————— — NDVI
5 SWIR1 + Green N ®)
NDVI — NIR — Red ©)

NIR + Red
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|SWIR2 — Green|
SWIR2 + Green

where, Blue, Green, Red, NIR, SWIR1, and SWIR?2 represent Blue Band 2, Green Band 3, Red
Band 4, Near-Infrared Band 5, Shortwave Infrared Band 6, and Shortwave Infrared Band 7
on the Landsat 8 OLI and Landsat 9 OLI images, respectively.

BSI =100 x

(7)

3.3. Identification of Bare Land Using the Multi-Otsu Thresholding Algorithm

In the common scenarios, spectral index images of single bands or multispectral images
can be classified using supervised or unsupervised classification algorithms. However,
for the identification of specific and singular land-cover types, threshold segmentation
algorithms are considered the most straightforward and simplest method [60,61]. In this
study, due to the presence of more than two ground object types within this analyzed
region, exhibiting multiple peaks on the frequency distribution histogram, traditional
binary threshold segmentation algorithms struggle to cope with images displaying multiple
histogram peaks, resulting in suboptimal extraction performance [62]. To enhance the
accuracy of bare land identification, we use the Multi-Otsu Thresholding (MOT) algorithm
to determine the bare land thresholds for each spectral index instead of conventional ones
such as the Otsu algorithm [63].

The MOT segmentation algorithm, an extension of the traditional Otsu method, aims to
divide the image into n categories whose core idea involves selecting the optimal threshold
setT={T1, Ty, ..., Tn—1} based on minimizing intra-class variance or maximizing inter-class
variance [64]. By gradually changing the threshold set, the algorithm decreases the pixel
variance within each category while increasing the differences between different categories.
This optimization process involves objective functions such as probability distribution
and variance for each category. Ultimately, by identifying the threshold combination that
maximizes inter-class variance or minimizes intra-class variance, effective segmentation
of the image is achieved. In multi-class scenarios, this method provides a finer grayscale
segmentation, offering more detailed information for image analysis and processing [65].
In this study, the MOT segmentation algorithm proves more effective in handling complex
histograms with multiple peaks. By simultaneously considering multiple thresholds,
it adapts more flexibly to the complex arrangement of ground object types, enhancing
adaptability and accuracy in multi-class segmentation. After computing the BLEI, BI,
DBSI, and BSI, this study utilizes the MOT algorithm to obtain appropriate thresholds for
classifying the image into bare land and non-bare land categories.

3.4. Performance and Accuracy

To examine the discriminability or dissimilarity of BLEI in separating bare land from
other land features, this study employs SDI for quantitative measurement [66]. SDI quan-
tifies the level of distinction between two land-cover types by calculating the ratio of
the difference between the mean values of the indices for the two classes to the sum of
their standard deviations (Equation (8)). A higher SDI value signifies a greater separa-
bility and larger differences between the two land-cover types, making them easier to
be separated [16]. Conversely, a smaller SDI value indicates a higher level of histogram
confusion and overlap, indicating lower separability and greater difficulty in differentiation.
Typically, SDI < 1 suggests poor separability between the two land-cover types, making
discrimination more difficult [67]. Through the quantitative calculation of SDI values,
a comprehensive assessment of BLEI's effectiveness in bare land extraction is achieved,
providing a quantitative foundation for further analysis.

[y = ma|

spI= ™
S1+ 5o

(®)

where m; and m; are the mean values of indices for ground object types 1 and 2, while s;
and s; are the standard deviations of indices for ground object types 1 and 2.
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In addition to SDI], this study utilizes five accuracy metrics—OA, kappa coefficient,
recall, precision, and F1-score—to assess BLEI's performance in bare land extraction. In this
study, Recall represents the proportion of pixels correctly identified as bare land relative to
all bare land pixels in the validation set (producer’s accuracy), while precision represents
the proportion of pixels correctly identified as bare land relative to all pixels identified as
bare land (user’s accuracy) [68]. The Fl-score is the harmonic mean of recall and precision,
serving as a metric for assessing the accuracy of binary classification results [69]. A higher
F1 value indicates more effective performance. The calculation methods for these five
metrics are as follows:

TP+TN
OA_FN+TP+FP+TN ®)
P_(FN+TP)><(FP+TP)+(FP+TN)><(FN+TN) (10)

(FN 4 TP + FP 4+ TN)?

OA-P

Kappa = 1P (11)
TP

R = = 12
ecall = EN 1 TP (12)

. TP
Precision = TP TP (13)
_ 2:-Recall-Precision (14)

 Recall 4 Precision

where, in this study, TP (true positives) is the number of bare land pixels in the validation
set correctly predicted as bare land, TN (true negatives) represents the count of non-bare
land pixels in the validation set correctly predicted as non-bare land, FN (false negatives)
denotes the number of bare land pixels erroneously predicted as non-bare land pixels
(missed classifications), and FP (false positives) represents the count of non-bare land pixels
erroneously identified as bare land pixels (misclassifications).

4. Results

From Landsat 9 OLI image, we selected 916 bare land pixels, 626 sandy-soil pixels,
775 vegetation pixels, 576 urban pixels, and 579 snow pixels, while from Landsat 8 OLI
image, we selected 485 bare land pixels, 374 sandy-soil pixels, 332 vegetation pixels, 309
urban pixels, 328 snow pixels, and 324 water pixels as validation samples for the study
areas. Considering the limited water distribution in the study area in Ganzi Tibetan
Autonomous Prefecture, water bodies were excluded from subsequent analyses for they are
easily distinguishable with negative BLEI values as shown in Section 3.1. The calculated
results of four bare land indices, BLEI, BI, DBSI, and BSI, are shown in Figure 4. Detailed
comparisons of the extracted bare land images using the MOT algorithm are presented in
Figure 5. To comprehensively assess the separability and dissimilarity of different indices
for bare land and other land features, boxplots and frequency distribution histograms
(Figures 6 and 7) were generated, and SDI values between bare land and other five ground
object types (sandy soil, urban areas, vegetation, snow, and water) were computed (Table 2).
Additionally, we examined the bare land thresholds and extraction accuracy metrics for
different indices (Table 3) to validate the effectiveness of BLEI in bare land extraction.
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Figure 4. Comparison of Landsat 9 OLI true-color remote sensing images (a) with calculated spectral
indices of BLEI (b), BI (c), DBSI (d), and BSI (e) in Ganzi Tibetan Autonomous Prefecture. The
numbers 1 to 5 represent the following land cover types: bare land, sandy soil, urban area, vegetation,
and snow, respectively.

Table 2. Comparison of spectral discrimination index (SDI) for different indices (BLEI, BI, DBSI, and
BSI) between bare land and other features.

Study Area SDI BLEI BI DBSI BSI
Bare land—sandy soil 2.27 0.78 1.03 1.33

Ganzi Bare land—urban 2.46 1.30 2.04 1.66
Tibetan Bare land-vegetation 4.52 3.03 3.87 1.54
Bare land-snow 4.29 12.22 17.49 3.53

Bare land-sandy soil 1.31 0.56 0.28 0.35

Bare land—urban 2.90 2.32 2.26 0.64

Urumgi Bare land-vegetation 4.94 4.68 5.33 2.87
Bare land-snow 5.09 7.18 7.32 6.32

Bare land—-water 4.83 1.82 2.62 3.02
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d. DBSI e. BSI

a. Remote sensing image b. BLEI

- Bare land

Figure 5. Comparison of Landsat 9 OLI true-color remote sensing images (a) with images of bare
land extracted through threshold segmentation using different indices of BLEI (b), BI (c), DBSI (d),
and BSI (e) in Ganzi Tibetan Autonomous Prefecture. The numbers 1 to 4 represent the following
land cover types: sandy soil, urban area, vegetation, and snow, respectively. The boxes in the figure

- Non bare land

are used for qualitative analysis of the effectiveness of the indices.
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Figure 7. Frequency distribution histograms of bare land, sandy soil, urban areas, vegetation, snow,
and water in different indices of BLEI (a), BI (b), DBSI (c), and BSI (d).

Table 3. Bare land-extraction precision comparison among different indices (BLEIL, BI, DBSI, and BSI).

Study Area Value BLEI BI DBSI BSI
Threshold 2.44 116.55 0.21 51.74~72.77
OA 98.91% 90.52% 93.26% 85.60%
Ganzi Kappa 0.97 0.75 0.83 0.65
Tibetan Recall 96.18% 80.79% 88.10% 84.28%
Precision 99.66% 82.87% 86.59% 68.44%
F1 97.89% 81.81% 87.34% 75.54%
Threshold 1.26 107.66~112.87  0.075~0.17 40.23~47.55
OA 98.18% 88.74% 82.41% 78.97%
Urumgi Kappa 0.95 0.68 0.54 0.44
Recall 93.00% 74.02% 74.64% 63.09%
Precision 98.90% 75.58% 58.67% 52.85%
F1 95.90% 74.79% 65.70% 57.52%

4.1. The Effectiveness of BLEI

Based on observations of Figures 4b, 6a and 7a, we can see that the BLEI values of
bare land (greater than 1.6 in Ganzi and greater than 1.0 in Urumgqji) appear as light purple
or purple on the images, indicating positive values higher than other land features. In
contrast, the BLEI values of sandy soil and urban areas (approximately —1~2 in Ganzi and
—2~1 in Urumgqi) are lower than those for bare land, appearing yellow and yellow-green
on the images. Vegetation and snow exhibit negative BLEI values, primarily in shades of
green and dark green. Detailed analysis of the bare land-extraction results after threshold
segmentation (Figure 5) indicates that compared to the other indices (BI, DBSI, and BSI),
BLEI can separate bare land from sandy soil, urban areas, vegetation, and snow (Figure 5b)
more effectively. Furthermore, it accurately identifies some land covered with rocks and
gravel to a certain extent as bare land (Figure 5(4)), further demonstrating the satisfactory
effectiveness of BLEI in bare land extraction.

Additionally, quantitative analysis of the bare land index further validates the effec-
tiveness of BLEI in bare land extraction (Tables 2 and 3). As shown in Table 2, the SDI values
of BLEI between bare land and other land features (sandy soil, urban areas, vegetation,
and snow) in Ganzi are 2.27, 2.46, 4.52, and 4.29, respectively. All SDI values exceed 2 and
generally surpass those of other indices (although the SDI value for bare land-snow is
lower than those for Bl and DBS]I, bare land and snow can still be effectively distinguished),
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indicating a significant level of separability between bare land and other land features. The
situation in the Urumgqi study area is similar in nature, with SDI values between bare land
and sandy soil, as well as urban areas, being 1.31 and 2.90, respectively, both higher than
other indices. Meanwhile, BLEI exhibits high accuracy in bare land extraction (Table 3),
with OA, kappa coefficient, recall, precision, and F1-score for both study areas exceeding
98%, 0.95, 93%, 98%, and 95%, respectively, all surpassing BI, DBSI, and BSL

4.2. Comparisons of BLEI with Other Spectral Indices
4.2.1. BI

Analyzing Figures 4c, 6b(1) and 7b(1), in Ganzi, the BI values for bare land are the
highest (greater than 110), while the Bl values for sandy soil and urban areas are roughly
in the range of 100 to 120. Vegetation has BI values between 75 and 100, while snow has
the smallest BI values, less than 75. The SDI values for bare land—-snow and bare land—
vegetation are exceptionally high, reaching 12.22 and 3.03, respectively (Table 2). Referring
to Figure 5c(3,4), this indicates that BI effectively separates bare land from these land-cover
types. However, the SDI values for bare land-urban and bare land-sandy soil in Ganzi are
relatively low (1.30 and 0.78), and the SDI value for bare land-sandy soil in Urumgi is also
low (0.56), both lower than BLEI (Table 2). This suggests a certain degree of overlap and
confusion between urban areas, sandy soil, and bare land (Figures 6b and 7b), leading BI
to misclassify some sandy soil and urban areas as bare land (Figure 5¢(1,2)). Additionally,
compared to BLEI, BI fails to accurately identify soil covered with gravel and rocks as bare
land (Figure 5c¢(4)). As shown in Table 3, in Ganzi, BI's OA, kappa coefficient, and F1-score
are 90.52%, 0.75, and 81.81%, respectively, while in Urumgqji, they are 88.74%, 0.68, and
74.79%, respectively, indicating lower accuracy in bare land extraction compared to BLEIL.

4.2.2. DBSI

As shown in Figures 4d, 6¢(1) and 7c(1), in Ganzi, for the DBSI, bare land values are
the highest (greater than 0.1), followed by sandy soil (0~0.3), urban areas (0~0.2), vegetation
(—0.3~0), and snow (less than —0.7). According to Table 2, the SDI values for bare land-
urban in Ganzi and Urumgi are 2.04 and 2.26, respectively, slightly lower than BLEI, but
they still exhibit good separation (Figure 5d(2,3)). However, from Figures 6c and 7c, we
can observe that there is a certain degree of overlap between bare land and sandy soil, as
confirmed by the SDI value for bare land—sandy soil being relatively low (1.03 in Ganzi and
0.28 in Urumgi) in Table 2. This overlap results in some confusion between bare land and
sandy soil during the bare land-extraction process with DBS], as illustrated in Figure 5d(1),
where sandy soil is incorrectly identified as bare land. Moreover, similar to BI, DBSI also
fails to accurately extract bare land covered with gravel and rocks (Figure 5d(4)). In terms
of mapping accuracy (Table 3), in Ganzi, DBSI's OA, kappa coefficient, and F1-score are
93.26%, 0.83, and 87.34%, respectively, while in Urumgji, they are 82.41%, 0.54, and 65.70%,
respectively, showing lower accuracy and potential in bare land extraction compared to
BLEL

4.2.3. BSI

Upon analyzing Figures 4e, 6d(1) and 7d(1), in Ganzi, it is evident that BSI values
are highest for snow (greater than 80), followed by bare land (30~80), vegetation (10~60),
sandy soil (20~60), and urban areas (20~60). For the BSI, it is necessary to establish upper
and lower threshold values to extract bare land. Through Figures 6d and 7d, it becomes
apparent that there is a certain degree of confusion between bare land and the other three
land features: sandy soil, urban areas, and vegetation. The SDI values for bare land with
these three land cover types are relatively low (Table 2) and are all below BLEI both in
Ganzi and Urumgi. This leads to challenges in accurately delineating the threshold for bare
land in BSI. Consequently, the resulting bare land classification map (Figure 5e) using BSI
exhibits numerous misclassifications and omissions. For instance, some sandy soil, urban
areas, vegetation, and snow are incorrectly identified as bare land (Figure 5e(1-4)), and
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certain bare land areas are not accurately extracted (Figure 5e(4)). Furthermore, in Ganzi,
BSI's OA, kappa coefficient, and F1-score are 85.60%, 0.65, and 75.54%, respectively, while
in Urumgqji, they are 78.97%, 0.44, and 57.52%, respectively (Table 3), making it the least
effective among the four indices in the field of bare land extraction.

5. Discussion

Taking Ganzi Prefecture and Urumgi as study areas, BLEI can more easily distinguish
bare land from other land-cover types. Compared to the other three indices (BI, DBSI, and
BSI), the high SDI values between bare land and other land features, particularly sandy soil
and urban areas, indicate the efficacy of BLEI in accurately extracting bare land through
threshold segmentation algorithms. In Urumgji, due to the arid climatic environment, the
similarity in spectral characteristics between bare land and sandy soil increases. This results
in a greater degree of confusion between bare land and sandy soil for all indices compared
to Ganzi Prefecture, and the separability between them decreases (Figures 6 and 7). But in
contrast to the other three indices, BLEI still achieves excellent results in distinguishing
between bare land and sandy soil. Furthermore, BLEI demonstrates strong capabilities in
bare land extraction in both Ganzi Prefecture and Urumgqi, which have different climatic
environments, while the other three indices perform poorly in these two study areas
(Tables 2 and 3), suggesting that BLEI has significant potential in bare land extraction.
Notably, BLEI, with its highest values for bare land, requires only a lower threshold, laying
the foundation for fast and accurate extraction, whereas by contrast, BI, DBSI, and BSI
require both upper- and lower-threshold values under certain environmental conditions
(Table 3).

In the future, it may be worth considering the impact of certain special roofing ma-
terials found in urban areas to improve accuracy. For instance, in this study, blue roofs
displaying higher BLEI values may lead to confusion with bare land. Additionally, BLEI's
reliance on visible, near-infrared, and shortwave infrared bands without the need for
thermal infrared bands makes it applicable to most satellite remote sensing sensors [70].
Therefore, future research could consider utilizing remote sensing images from other satel-
lites to validate the effectiveness of BLEI. Furthermore, without considering factors such as
time costs and the quality of training samples, integrating this index with machine learning
or deep learning technologies might potentially contribute to research fields related to land
use and ecological environments.

6. Conclusions

This study uses Landsat 9 and Landsat 8 OLI images with four bands of Blue, Red,
NIR, and SWIR1, to design the Bare Land Extraction Index (BLEI) to achieve rapid and
accurate extraction of bare land from five distinct land cover types, sandy soil, urban
areas, vegetation, snow, and water bodies, and investigates its effectiveness in two distinct
climatic environments: Ganzi and Urumgqi. Both qualitative and quantitative analyses
indicate that the proposed BLEI outperforms BI, DBSI, and BSI in various aspects of bare
land extraction. It is essential to highlight BLEI's enhanced separability between bare land
and sandy soil or urban areas. Particularly for sandy soil, where few bare land indices are
available, BLEI proves valuable, especially in regions with severe soil desertification like
western Sichuan and northwest China. Moreover, compared to some other indices, BLEI
requires only a lower threshold for bare land extraction, making it more convenient and
efficient. This suggests that BLEI holds significant applications for future studies focused
on bare land analysis.
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