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Abstract: Timely and accurate acquisition of spatial distribution and changes in cropland is of
significant importance for food security and ecological preservation. Most studies that monitor long-
term changes in cropland tend to overlook the rationality in the process of cropland evolution, and
there are conflicts between the interannual cropland data, so they cannot be used to analyze land use
change. This study focuses on the rationality of annual identification results for cropland, considering
the long-term evolution and short-term variations influenced by natural environmental changes and
human activities. An approach for annual monitoring of cropland based on long time series and
deep learning is also proposed. We acquired imagery related to cropland’s vegetation lush period
(VLP) and vegetation differential period (VDP) from Landsat images on the Google Earth Engine
(GEE) platform and used the ResUNet-a structural model for training. Finally, a long-time-series
cropland correction algorithm based on LandTrendr is introduced, and interannual cropland maps
of Guangdong Province from 1991 to 2020 were generated. Evaluating the cropland monitoring
results in Guangdong Province every five years, we found an overall accuracy of 0.91-0.93 and a
kappa coefficient of 0.80-0.83. Our results demonstrate good consistency with agricultural statistical
data. Over the past 30 years, the total cropland area in Guangdong Province has undergone three
phases: a decrease, significant decrease, and stabilization. Significant regional variations have also
been observed. Our approach can be applied to long-time-series interannual cropland monitoring in
the southern regions of China, providing valuable data support for the further implementation of
cropland protection.

Keywords: cropland monitoring; long time series; Google Earth Engine; deep learning; Landsat

1. Introduction

Cropland is formed through the development of natural soils, providing the necessary
conditions for crops and supporting the growth, development, and maturation of agricul-
tural produce. As an essential resource upon which human survival depends, cropland
serves as a crucial driver for increasing farmers’ income, enhancing agricultural produc-
tivity, and fostering rural development. China, as both a global agricultural powerhouse
and the world’s most populous nation, sustains 21% of the global population with just
9% of the world’s cropland [1]. In recent years, due to intensified human activities such
as industrialization and the rapid expansion of urban areas, there has been a significant
reduction in cropland [2]. Human-induced changes have forced farmers to seek alter-
native areas for cultivation, resulting in a substantial contraction of spatial dimensions
for grain production and a consequential threat to food security [3]. Understanding the
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spatial distribution and changes in cropland is not only fundamental for crop productivity
assessments but also holds significant implications for exploring the ecological regulation
services of cropland, including carbon storage [4], climate regulation [5], and biodiversity
conservation [6]. The National Bureau of Statistics has been recording cropland areas in
different regions of China for several years. However, these statistics fall short in reflecting
the specific spatial distribution of cropland and fail to provide precise information about
when cropland changes occur [7]. Therefore, there is an urgent need for a rapid and reliable
method to promptly and accurately obtain spatial information about cropland, facilitating
long-term dynamic monitoring of cropland changes and supporting further investigations
into the patterns and driving mechanisms of cropland evolution.

To achieve swift, extensive, and accurate acquisition of spatial information regarding
cropland, remote sensing technology, leveraging its advantage of long-term, continuous
observation, has emerged as a pivotal tool for monitoring dynamic changes in cropland.
Low-spatial-resolution imagery can cover large areas, but the challenge of mixed pixels may
hinder the detection of smaller, fragmented cropland plots and subtle changes [8,9]. On the
other hand, high-spatial-resolution imagery offers a wealth of cropland details and allows
for the precise extraction of cropland boundaries within fragmented landscapes [10,11].
However, due to the high costs associated with acquiring and processing high-spatial-
resolution imagery, it often proves difficult to accomplish large-scale, long-term cropland
monitoring [12,13]. Medium- to high-spatial-resolution imagery, with its finer spatial
resolution and prolonged observation, is a promising method for identifying fragmented
cropland and presents a valuable opportunity for the monitoring of cropland changes over
the years [7,14].

In current long-term cropland monitoring research using medium- to high-spatial-
resolution imagery, three main methods are discussed. The first method is annual crop-
land identification, which entails overlaying cropland distribution maps from multiple
years [15,16]. By comparing pixel values at the same location, this method tracks annual
changes in cropland. Since changes in cropland are typically gradual and occur over
extended periods, relying solely on annual identification results often makes it challeng-
ing to accurately determine whether cropland has changed, especially when monitoring
changes over multiple years. More critically, the identification results may include illog-
ical transformations in cropland, and this method completely overlooks the rationality
of the cropland evolution process. First, it is difficult to ensure that parts of medium- to
high-resolution images remain unaffected by weather conditions such as clouds, cloud
shadows, and snow [17]. In such conditions, cropland often exhibits atypical spectral
characteristics, which may result in the misclassification of cropland as other land use
types. Additionally, differences in the spectral characteristics of different crops can result
in the “spectral variability of the same object” [18], making it difficult to accurately iden-
tify cropland. The similarity in spectral characteristics between cropland and grassland
can potentially cause confusion between these two land types [19,20]. The pixels at the
interface of cropland and non-cropland may fluctuate between two land use types [21].
To enhance methodological robustness and reduce interannual inconsistency in cropland
identification results, it is essential to comprehensively consider interannual relationships
when monitoring long-term cropland changes.

The second method is based on cropland identification results from a reference year,
which are used as a baseline for exploring cropland changes annually and updating the
annual cropland maps accordingly [7]. In this approach, the cropland identification results
of a specific year serve as the baseline, and spectral indices like the NDVI are employed to
assess cropland changes [22,23]. If the difference in the judgment indices for a pixel between
a subsequent year and the reference year exceeds a predefined threshold, it indicates a
cropland increase or decrease for that year. Repeating this process over time yields annual
cropland change results in a long time series. This method, based on a reference year,
considers interannual relationships and mitigates the drawbacks of independent year
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identifications. However, errors of results in the reference year can lead to cumulative
monitoring errors from year to year [24].

The third method is systematic long-term monitoring of cropland changes. It relies
on characteristic images for each year to ensure reliable annual identification results. Ad-
ditionally, it considers the influence of previous and subsequent years on the cropland
changes in the current year. In the past annual cropland monitoring results, there may be
cases where land use types switch back and forth between cropland and non-cropland for
consecutive years. However, since cropland is a relatively stable component of agricultural
ecosystems, rapid back-and-forth transformations between cropland and non-cropland
are unlikely [25]. Therefore, this method focuses on the rationality of cropland evolution
based on annual results, considering long-term trends. In systematic long-term monitor-
ing, some studies have employed a sliding-window approach to observe changes over a
longer time series [26]. This helps to mitigate seemingly irrational or inconsistent annual
cropland changes. Most of these methods use threshold segmentation [1], change vector
analysis [7], and other signal processing techniques approaches to assess cropland changes
within specific time windows, correcting fluctuations between cropland and non-cropland.
However, selecting the window size manually can be a challenge. A smaller window might
miss important cropland conversion events in long term, continuous changes. Conversely,
a larger window may cause different change events to overlap, making it easy to create
errors when relying solely on thresholds.

In summary, for long-term cropland monitoring studies, a more reliable approach is
systematic long-term cropland monitoring, which mitigates the impacts of data quality,
complex spectral characteristics of land features, and mixed pixels. However, this approach
may struggle to detect precise changes when complex, long-term ecological changes occur
due to natural or human-induced processes. Hence, we aspire to find a method that can
automatically and accurately capture land changes from a comprehensive time series. This
method seeks to rectify unreasonable cropland identifications from a long-term perspective,
ultimately achieving extended-term cropland monitoring.

Given the urgent demand for spatial distribution and change information of cropland
and recognizing the significant impacts of data quality and monitoring methods on long-
term annual cropland monitoring results, this study attempted to develop a Landsat-based
cropland monitoring algorithm to eliminate previously overlooked unreasonable changes
in cropland monitoring. Our objective is to develop a deep learning-based algorithm for
interannual cropland monitoring, utilizing key phenological images obtained from the
Google Earth Engine (GEE). The aim is to achieve accurate cropland monitoring in the
challenging South China region, characterized by frequent cloud cover, complex cropping
systems, and high degrees of land fragmentation.

2. Materials and Methods
2.1. Study Area

Guangdong Province, situated in the southernmost part of mainland China
(109°45'~117°20'E, 20°09'~25°31'N), covers approximately 17.97 million hectares of land.
It is divided into 21 prefecture-level cities, typically categorized into four regions based
on geographical location and economic conditions: the Pearl River Delta (PRD), Western
Guangdong (WG), Northern Guangdong (NG), and Eastern Guangdong (EG) (Figure 1).
The topography of Guangdong follows a north—south elevation pattern, predominantly
featuring mountains and hills, with plains largely distributed in the southern coastal areas.
The province experiences a tropical and subtropical monsoon climate with high humidity
and precipitation. These favorable conditions lay the foundation for Guangdong’s status
as a prominent agricultural province. According to the results of the third national land
survey in 2019, Guangdong has 1.9019 million hectares of cropland. The wide variety of
primary crops in the province includes rice, sugarcane, and peanuts. The cropping system
in Guangdong is predominantly characterized by single cropping and double cropping and
by triple cropping in a few areas, highlighting the complexity of the cropping systems [27].
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Figure 1. Study area.

However, ongoing and rapid urbanization processes in Guangdong have led to a
substantial conversion of cropland to other land uses [28]. The increasing contradiction
between rapid socio-economic development and the sharp decrease in the amount of
cropland is becoming more pronounced. The complex natural conditions, flexible cropping
systems, and the reduction in cropland due to economic development pose significant
challenges for the monitoring of long-term cropland changes in Guangdong. Therefore,
Guangdong is an excellent study area for monitoring changes in cropland.

2.2. Data and Pre-Processing
2.2.1. Landsat Imagery and Pre-Processing

The Landsat Program is a long-term remote sensing satellite program jointly proposed
by NASA and the USGS [29]. Since the 1970s, Landsat has provided millions of observation
images. We obtained a surface-reflectance (SR) dataset of Landsat images from GEE, which
covers the province over 30 years. The data acquired from Landsat-7 ETM+ Scan Line
Corrector exhibited striping issues [30]. Therefore, we only collected Landsat-7 images
prior to 30 May 2003 and in 2012. The number of available images collected each year
was consistently above 140. These data were calibrated and uniformly processed to the
consistent L1TP level across different satellites. Figure 2a shows the annual availability of
Landsat-4/5/7/8 images.

To improve data quality, we identified and masked clouds, cloud shadows, and snow
pixels using the CFMask algorithm [31]. All data acquisition and processing were conducted
within GEE. The annual quantity of high-quality observation images for Guangdong is
shown in Figure 2, ensuring a minimum of 3 coverage images per 0.5° latitude for each year.
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Figure 2. (a) Statistical results of Landsat annual observation images in Guangdong during 1991-2020.
(b) Number of high-quality observations of time-series remote sensing images by latitude from 1991
to 2020. (c) Number of high-quality observations of time-series remote sensing images in Guangdong
in 2019.

2.2.2. Vegetation Indices

Although the Green Chlorophyll Vegetation Index (GCVI) is not a widely used veg-
etation index, relevant research has shown that it has a roughly linear relationship with
vegetation chlorophyll content and the Leaf Area Index (LAI) [32,33]. It can reflect the
growth status and chlorophyll content of vegetation. Moreover, even when vegetation
becomes highly dense, GCVI is not affected by the saturation of LAI in dense canopies and
maintains relatively high sensitivity during periods of vigorous vegetation growth [34]. We
used GCVI as a key index for distinguishing between different land use types with varying
vegetation coverage in the study area, including grassland, cropland, and forest.

GCVI = PNIR

Pgreen

@

2.2.3. Field Survey and Sample Data

To understand the spectral characteristics of cropland in the study area, a field survey
was conducted in Guangdong in 2019. The sample points for this survey were randomly
distributed across different regions of Guangdong Province. These sample points encom-
passed five land use types: cropland, forest, grassland, water, and built-up land. Among
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them, cropland sample points primarily included typical crops in Guangdong, such as
rice, wheat, corn, soybeans, and sugarcane. The visual interpretation marks and feature
image library for typical land use types and crops in the study area were constructed
based on the field survey data. This library included on-site photographs of sample points,
very-high-resolution imagery, and Landsat false-color images (Figure 3).

Survey Data

(112.921°E, 24.148°N)

Grass Built-up
Field survey photos and corresponding VHR images,
Landsat False-color images
Landsat False- Landsat False-

color images

VHR images  color images VHR images

Sugar-
cane

Soy-
bean

Figure 3. Constructing visual interpretation marks and feature image library.

We used the China Multi-Temporal Land Use and Land Cover Remote Sensing Moni-
toring Dataset (CNLUCC) and combined it with visual interpretation marks and a feature
image library to generate labels for training and testing samples, which represent the
actual ground conditions in 2019 [35]. When selecting the training and testing data, the
following principles were followed. First, Guangdong was divided into numerous grid
cells, each measuring 60 km x 60 km, and ten grids were selected as training and testing
data. Considering the differences in cropland in each subregion of the study area, ten
grids should be evenly distributed in the whole study area. Secondly, representative grids
were selected for each subregion; these grids should contain extensive cropland areas and
various cropping systems. The types of crops on cropland in these grids should be rich,
and the proportion of cropland and other land use types should be relatively balanced.
Finally, eight grids were randomly selected as training data, and two grids were selected as
testing data (Figure 4).
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Figure 4. Location of training and testing dataset in study area.

2.3. Algorithm for Monitoring Long Time Series of Cropland

Figure 5 provides a comprehensive overview of the long-time-series cropland mon-
itoring algorithm presented in this study. We first selected all high-quality observation
results based on the Landsat-4/5/7/8 SR images from 1991 to 2020. Subsequently, we
extracted annual GCVI-max and GCVI-diff feature images from the GCVI time series. In
addition, we collected ground-truth data using existing land use datasets and through
manual visual interpretation, generating training samples for 2019. Next, we utilized deep
learning techniques to predict the annual cropland probability map for Guangdong from
1991 to 2020. We corrected the unreasonable cropland changes in the long time series
based on the LandTrendr algorithm. Finally, we evaluated the classification accuracy of
the cropland map through validation samples and explored the changes in cropland in

Guangdong from 1991 to 2020.
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Figure 5. Flowchart of cropland monitoring in Guangdong from 1991 to 2020.
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2.3.1. Algorithm for Cropland Identification

Due to the frequently cloudy and rainy weather in the study area, a significant number
of pixels in Landsat images are covered by clouds or cloud shadows. Choosing a fixed-date
image as the reference for cropland identification would inevitably lead to data loss. Simul-
taneously, the complex cropping system in Guangdong Province makes it challenging to
extract phenological features of different vegetation based on a fixed time. Therefore, we
were committed to finding a method to automatically determine key images for cropland
identification from the spectral time-series data. The GCVI time-series curve effectively
reflects the vegetation’s growth conditions at different periods. Both the maximum value
and the difference between the maximum and minimum values of the curve can represent
the physiological characteristics of vegetation. Therefore, our algorithm can identify the
two crucial times of GCVI based on the time-series curve, encompassing both the maxi-
mum value and the maximum difference, without fixing the image date. It then extracts
images corresponding to these two times. We combined this approach with deep learning
techniques to achieve cropland identification in Guangdong from 1991 to 2020. The method
fully utilizes all high-quality observational data within a year, reducing the impact of data
gaps while extracting spectral features of various crops without considering complex crop
types in the study area.

More specifically, we collected spectral data throughout 2019 and normalized all
spectral indices. By observing the smoothed time series of spectral data, differences in time-
series spectral curves for different land use types can be identified in the original bands. As
shown in Figure 6, differences in phenological features between them can be reflected by
observing the time-series curves of vegetation indices. Cropland experiences significant
GCVI growth at around 100 days and decreases significantly after two growing seasons.
Due to crop harvesting, cropland often transitions to the winter season with bare soil.
Thus, the difference between GCVI during the growing season and non-growing season
is significant. GCVI ranges from 0.53 to 0.6, with GCVI during the non-growing season
being lower than that of forest and grassland. Forests in Guangdong are characterized by
evergreen vegetation with high vegetation cover. Their GCVI is consistently higher than
that of cropland, typically ranging from 0.55 to 0.65. Due to the region’s high temperature
and abundant rainfall throughout the year, grassland maintains a certain level of vegetation
cover year-round, resulting in minimal variation in GCVI, which fluctuates around 0.6.
Water may experience slight seasonal fluctuations in GCVI, influenced by aquatic vegetation.
Built-up land with some vegetation cover tends to have higher GCVI than water and
generally remains relatively stable throughout the year, showing no significant fluctuations.

Due to the high sensitivity of GCVI during periods of vigorous vegetation growth, we
can identify two key phenological periods by observing GCVI time-series curves. One of
these key phenological periods is the “vegetation lush period” (VLP), which corresponds
to the peak period of the GCVI curve. During this period, cropland can be significantly
distinguished from water and built-up land and, to some extent, from forest as well.
The other key phenological period is the “vegetation differential period” (VDP), which
corresponds to the period with the greatest interannual differences in GCVI time series.
During this period, cropland experiences significant changes in vegetation cover, while
grassland exhibits relatively small changes, making it advantageous for distinguishing
between cropland and grassland. We integrated high-quality observational data from each
year, using the GCVI_MAX to generate the VLP images (Figure 7a,b). We also calculated the
GCVI_diff, which represents the difference between the GCVI_MAX and the GCVI_MIN
for each pixel to create the VDP images (Figure 7c,d).

GCVI_diff = GCVI_MAX — GCVI_MIN (2)
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The VLP and VDP images, combined with labeled data reflecting real ground con-
ditions, were used as input to train the model. U-net is a typical convolutional neural
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network structure [36]. Its unique U-shaped network structure and jump connection mode
can closely integrate shallow features with deep features, which not only significantly
improves the feature extraction and generalization ability of the network but also reduces
semantic gaps. This encoder—decoder structure can extract multi-scale features of crop-
land, fuse part of the lost information in the training process, and reduce training time
and resources, so it has been widely used in land use classification research [37-39]. We
employed ResUNet-a for cropland extraction, which addressed semantic gaps through skip
connections [40]. To tackle gradient issues during training, U-Net’s building blocks were
replaced with improved residual blocks. These blocks included multiple parallel atrous
convolutions, allowing for adjustment of dilation rates to capture different receptive fields
and extract features at various scales (Figure 8b). Additionally, pyramid scene parsing
(PSP) pooling layers were introduced after the encoder and decoder stages to enhance
the aggregation of contextual information and improve network performance (Figure 8c).
Figure 8a provides an overview of the ResUNet-a architecture.

Cropland

(a) - Non-Cropland

Jump connection
Downsamp | ing

Upsampling

Convolution kernel

N
/
Residua block

Pyramid scene
parsing pooling
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Conv2DN(f,k=1)

Tal X |

Addition

Figure 8. (a) The overall framework of the proposed ResUNet-a model. (b) Flowchart of the residual
block. (c) Flowchart of the pyramid scene parsing pooling layer.

2.3.2. Algorithm for Long-Time-Series Cropland Correction

Cropland change is a long-term and complex process. When studying long-term
cropland changes, it is essential to eliminate noise caused by image quality and accurately
detect subtle variations. Identifying trends in slow and gradual vegetation cover changes
is also important. The LandTrendr algorithm combines the advantages of traditional
change detection methods for both capturing subtle changes and fitting trends in long
time series. The algorithm uses an arbitrary segmentation approach, meaning it does not
pre-establish an ideal model but, rather, utilizes basic data from long time series. It models
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important features with linear segments, which preserves critical details while eliminating
noise. Originally, the LandTrendr algorithm was employed to study disturbances and
recovery trends in forests [41]. Later, it became common for tracking changes and recovery
in vegetation [42,43], water [44], and built-up land [45]. We developed the LandTrendr
algorithm by leveraging its ability to detect abrupt and gradual changes. We introduced a
long-time-series cropland correction algorithm, providing a comprehensive perspective for
rectifying unreasonable variations in cropland predictions.

In our long-time-series cropland monitoring research, we conducted parameter tests
while keeping other variables constant to find optimal values for the specific conditions
of cropland changes in the study area. We established the operating parameters for the
LandTrendr algorithm as shown in Table 1.

Table 1. Parameter settings in the Land Trendr algorithm.

Parameter Description Value
Max Segments Maximum number of segments fitted on the time series 6
Spike Threshold Threshold to suppress spikes (1.0 indicates no suppression) 0.75

Vertex Count Overshoot

Prevent One-Year Recovery
Recovery Threshold
p-Value Threshold

Best Model Proportion
Min Observations Needed

The number of vertices in the initial model can exceed “Max Segments + 1” by an
additional amount specified by “Vertex Count Overshoot”
Whether it prevents cropland from returning to its original state after one year of change  true

6

Limits the slope of the segment to less than 1/Recovery Threshold 0.5
Maximum p-value for the best model 0.1
The maximum allowable difference in p-values between the model with the most 075
vertices and the model with the fewest vertices '
The minimum number of observations in the time series 6

When there is a transition in land use between adjacent years, it is difficult to return to
the previous state in the short term. However, noise-induced changes are temporary and
can revert to the original state over time. We modeled the time series-predicted probability
of pixels as a series of linear segments and eliminated the “spikes” caused by rapid changes
between adjacent years due to noise. Following this, the residual-error criterion was
employed to identify potential vertices. When the number of potential vertices exceeded
the threshold, there may have been years in the fitting results that were not actually changed
but were mistakenly identified as changes. We reconstructed the fitting lines by removing
the vertex with the smallest angle. The ultimately confirmed vertices were identified as
potential changes in land use between cropland and non-cropland. Between the vertices,
we connected points in a point-to-point manner or perform fitting based on regression and
simplified the model by removing the weakest vertices. During the fitting process, the
p-values were used to control overfitting, and the optimal model was selected based on the
smallest p-value. Once the optimal model was determined, the mean probability values
within each segment were calculated to obtain the corrected probabilities of time series.
The flow of the algorithm is shown in Figure 9.

2.4. Validation and Accuracy Assessment

To validate the accuracy of our algorithm in long-time-series cropland monitoring,
we conducted stratified random sampling and accuracy assessment in Guangdong. We
followed the recommended good practices for assessing forest area change and accuracy
proposed by Olofsson [46]. We estimated the expected overall accuracy (OA) and assumed
errors and determined an optimal sample size of 648 by repeatedly calculating the sample
size. We proportionally and equally allocated the total sample size within the study area,
examined accuracy and standard error estimates, and found the optimal sample size
between these two allocation methods. In the end, we settled on 160 cropland sample
points and 488 non-cropland sample points. Due to the significant spatial heterogeneity
of cropland distribution in the study area, we randomly distributed sample points in four
subregions according to their areas.
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Figure 9. The process of long-time-series cropland correction.

The stratified random sampling process was conducted in GEE. Using cropland
identification results as the basis and 30 x 30 m pixels as the sampling units, we randomly
generated sample points according to the calculated sample number in the two layers
of cropland and non-cropland in the prediction results based on the stratified random
sampling method in GEE. Table 2 displays the number of sample points in each subregion,
and Figure 10 shows the distribution of these sample points. Considering variations
between Landsat sensors, it is not sufficient to rely solely on accuracy validation results
from a single year. Therefore, the validation process was conducted every 5 years over a
30-year period. Based on the confusion matrices of validation results, we calculated the
overall accuracy (OA), user’s accuracy (UA), producer’s accuracy (PA), and the Kappa
coefficient as evaluation metrics for cropland monitoring accuracy.
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Figure 10. Spatial distribution of validation sample points in study area.
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Table 2. Number of validation sample points in study area.

Classification PRD NG EG WG Total
Cropland 50 50 18 42 160
Non-cropland 146 230 38 74 480
Total 196 280 56 116 648
3. Results

3.1. Results of Annual Cropland Map Assessment from 1991 to 2020

Based on the cropland identification result from 2020, we can observe from Table 3
that OA in all four subregions of Guangdong consistently exceeds 0.9. However, there
was significant variation in Kappa among these subregions, and UA for cropland was
lower compared to non-cropland. Notably, the highest accuracy was achieved in Eastern
Guangdong (OA = 0.95, Kappa = 0.88), while the Pearl River Delta and Western Guangdong
exhibited lower Kappa values (Kappa = 0.78), and Eastern Guangdong had a slightly lower
OA (OA =0.91). Several factors contributed to these variations. The Pearl River Delta region
has a high degree of cropland fragmentation, which presented challenges in accurately
identifying cropland. Northern Guangdong is characterized by hilly and mountainous
terrain, with forests mostly concentrated at higher elevations, leading to similar spectral
characteristics between forests and cropland. Western Guangdong features extensive
orchards, with spectral features closely resembling those of croplands, resulting in potential
confusion between the two land types. Eastern Guangdong, located in the Chaoshan Plain,
boasts flat terrain with a more regular distribution of cropland. The varying distribution,
shape, and cropping patterns of cropland in different subregions contributed to differences
in cropland identification accuracy to some extent.

Table 3. Accuracy assessment of cropland identification in each study area in 2020 (WG—West
Guangdong, NG—North Guangdong, EG—East Guangdong, PRD—Pearl River Delta, CL—cropland,
N-CL—non-cropland).

: Reference Results
Subregions Mapping
Results N-CL CL Total UA
N-CL 140 9 149 0.94
CL 6 41 47 0.87
PRD Total 146 50 196 Kappa = 0.78
PA 0.96 0.82 OA =092
N-CL 215 4 219 0.98
NG CL 15 46 61 0.75
Total 230 50 280 Kappa = 0.78
PA 0.93 0.92 OA =093
N-CL 36 1 37 0.97
EG CL 2 17 19 0.89
Total 38 18 56 Kappa =0.88
PA 0.95 0.94 OA =0.95
N-CL 70 6 76 0.92
WG CL 4 36 40 0.9
Total 74 42 116 Kappa = 0.80
PA 0.95 0.86 OA =091

We present the detailed spatial distribution of cropland in Guangdong at five-year
intervals from 1991 to 2020 in Figure 11. Reduction in cropland is most pronounced in the
Pearl River Delta and Western Guangdong; other regions also witnessed varying degrees
of cropland reduction. From the accuracy assessment results in Table 4, it is evident that
OA values for all 6 years were above 0.9, and the Kappa remained above 0.8. This indicates
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that our method held great potential for long-term cropland monitoring. The highest OA
was 0.93 (2005, 2015, 2020), while the lowest was 0.91 (1995, 2000). The highest Kappa was
0.83 (1995, 2005), while the lowest was 0.80 (2015). Overall, the accuracy was highest in
2015, possibly due to a significantly higher PA for 2005 compared to other years. UA for
CL ranged from 0.80 to 0.85, with PA ranging from 0.79 to 0.92. UA for N-CL ranged from
0.93 to 0.96, with PA ranging from 0.93 to 0.95. Both UA and PA for N-CL were higher than

those for CL.
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Figure 11. Cropland maps of Guangdong every 5 years from 1991 to 2020.
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Table 4. Accuracy assessment every 5 years from 1991 to 2020.
UA PA
Year OA Kappa
CL N-CL CL N-CL

1995 0.91 0.83 0.8 0.94 0.79 0.94
2000 0.91 0.81 0.81 0.96 0.9 0.94
2005 0.93 0.83 0.84 0.96 0.92 0.94
2010 0.92 0.82 0.85 0.93 0.88 0.93
2015 0.93 0.80 0.84 0.96 0.86 0.95
2020 0.93 0.82 0.84 0.96 0.86 0.94

3.2. Results of Comparison with the Agricultural Statistical Data

Based on the 2019 cropland map of Guangdong, we estimated cropland areas for
21 prefecture-level cities and compared them with the cropland areas reported in the
national agricultural statistical data for 2019. The results of Pearson correlation analysis
indicated a highly significant linear relationship between cropland area in Guangdong
and the national agricultural statistical data (slope = 0.870, Pearson’s r = 0.989, p < 0.01,
RMSE =1.99 x 104 ha) (Figure 12). Apart from a few individual cities, the cropland area
in our map is slightly lower than the national agricultural statistics. This variation may
be attributed to various factors. Firstly, the methods of survey are different, and there
are variations in survey principles. Furthermore, compared to Landsat imagery, land use
surveys within rural and urban areas typically use imagery with resolutions superior to
0.2 m or 1 m as reference data. As a result, our data errors were within an acceptable range.

40 4 y=0.86921x+0.07268 y=x -
RMSE=1.99 -
35 Pearson's r=0.9889 P
{ p<o.01 7

304 n=21 s

Mapping Cropland Area in 2019 (x10* ha)

07T T T T T 1

0 5 10 15 20 25 30 35 40 I 45
Statistical Area in 2019 (x10* ha)

Figure 12. Comparison of the estimated area of cropland in the 2019 cropland map with the area
of cropland in the 2019 reported national statistics within the prefecture-level cities of Guangdong.
This comparison used a linear regression model with y = a x x + b. The red line represents
y = 0.86921x + 0.07268. The dots represent the area of cropland in 21 prefecture-level cities. The
dashed black line represents y = x.

3.3. Assessment of Changes in Cropland Area from 1991 to 2020

Figure 13 displays the 30-year trend in the total cropland area for the province, high-
lighting changes in areas of increase and decrease. Over this period, there was an overall
decreasing trend in the cropland area across the province, declining from 2,837,500 hectares
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in 1991 to 1,631,400 hectares in 2020, representing a reduction of approximately 42.5%.
Two significant periods of decline stand out. The first decrease occurred in the early 1990s.
China’s reform and opening-up policy led to the emergence of “Development Zone Boom”
and “Real Estate Boom” [47,48], resulting in a nearly 10.9% decrease in cropland area
in Guangdong in 1993. The second significant period occurred between 2005 and 2013.
With the development of the economy, a new wave of “Urbanization Boom” also led to a
reduction of 823,600 hectares of cropland.
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Figure 13. Estimation of change in cropland per year from 1991 to 2020.

Observing the curves of cropland increase and decrease, it became evident that in 1993,
there was a peak in cropland expansion within the thirty-year period. From 1994 to 2002, the
change in cropland area, including both additions and reductions, was relatively balanced.
Notably, between 2003 and 2005, the conversion of non-cropland into cropland significantly
increased, reflecting the development of cropland protection policies in the early 21st
century. From 2013 to 2020, Guangdong experienced a period of relatively stable changes
in cropland area, achieving a balance between cropland conversion and preservation.

Figure 14 illustrates the changes in cropland over 30 years in various county-level
administrative regions of Guangdong. Overall, there was a significant overall decrease
in the cropland area in Guangdong, with the most substantial reductions occurring in
Western Guangdong and eastern parts of Northern Guangdong. However, there were
slight additions of cropland in specific regions, mainly in Northern Guangdong. The
30-year changes in cropland in Guangdong can be divided into three distinct periods.
From 1991 to 2005, the northern and southeastern parts of Guangdong experienced a
notable increase in cropland. Meanwhile, other regions showed a continuing decrease
in cropland (Figure 14b). From 2005 to 2013, the entire province witnessed a significant
decrease in cropland. This decline was most pronounced in the western part of Guangdong,
western regions of Northern Guangdong, parts of the Pearl River Delta, and some areas in
southeastern Guangdong (Figure 14c). From 2013 to 2020, the rate of cropland reduction in
Guangdong slowed down overall. Some regions, such as Western Guangdong and certain
parts of Northern Guangdong, continued to experience a decrease in cropland. Conversely,
the northern part of the Pearl River Delta showed an increasing trend in cropland area
(Figure 14d).
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Figure 14. Cropland reduction in Guangdong from 1991 to 2020.
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4. Discussion
4.1. Advantages of Our Algorithms

In existing research on long-term cropland changes, systematic cropland change
monitoring offers a more comprehensive way to assess annual variations in cropland
compared to methods involving the overlaying of annual cropland maps or updating
changes based on reference years. It helps avoid cumulative errors over time. However,
previous systematic cropland monitoring studies typically fall into two categories: they
either focus on deviations, capturing abrupt cropland change events from subtle distinctions
between adjacent years or they concentrate on cropland change trends, seeking out long-
term and gradual changes within complete time series. Our algorithm, in contrast, takes
an integrated approach by considering the potential for both short-term, abrupt changes
and long-term, gradual evolution in cropland. It investigates cropland change trends
while making every effort to eliminate spurious changes. Only continuous and reasonable
data between years reflect the real situation of interannual variation of cropland, so the
long-time-series cropland dataset based on our algorithm can be applied to the analysis of
continuous interannual variation of cropland in practice.

One of the significant factors contributing to spurious changes is image quality. Our
algorithm made extensive use of high-quality Landsat observations obtained each year,
automatically generating feature-enhanced images for two critical phenological periods:
VLP and VDP. This ensured data consistency year after year and reduced spurious changes
resulting from spectral variations. Furthermore, our algorithm addressed the issue of
fluctuating identification results between cropland and non-cropland in adjacent years due
to mixed pixels. This correction, to some extent, minimized the uncertainty in identification
results caused by data quality.

4.2. Comparison with Different Datasets

To evaluate the advantages of our dataset, we selected three existing land use/land
cover datasets with a temporal overlap in the year 2015 and extracted cropland from them
for comparison with our proposed dataset. These datasets included the China Land Cover
Dataset (CLCD) [26], as well as the Annual Global Land Cover (AGLC) [49] and China
Land Use and Land Cover Change (CNLUCC) datasets. We specifically selected contiguous
cropland areas in four subregions for comparison. Overall, the distribution of cropland in
these four datasets exhibited consistency.

To assess accuracy and differences between different datasets, we randomly generated
a uniformly distributed set of validation points across the four datasets. As shown in
Table 5, our dataset outperformed the other three, with the highest OA and Kappa. All
six evaluation metrics were above 0.9, indicating our dataset’s high accuracy. However,
because of overestimation of cropland area, CNLUCC exhibited the most severe misclassi-
fication of cropland, with a substantial omission of cropland. AGLC also had significant
misclassification and omission issues. While CLCD’s overall classification was better than
that of the other two datasets, its classification accuracy is still not ideal. Although CLCD,
AGLC, and CNLUCC are national or global products, the accuracy assessment suggested
that large-scale cropland cover mapping products, although generally accurate, do not
perform well in areas with fragmented cropland distribution and complex cropping sys-
tems. This underscores the necessity of conducting cropland identification research in
Guangdong, which exhibited complex cropland characteristics.

In more detail, CLCD and AGLC are both pixel-based annual land use classification
products, leading to fragmented identification results for cropland. CLCD has the largest
cropland area among the four datasets because it might misclassify smaller areas of forest,
built-up land, and ponds as cropland. Moreover, it was insensitive to the boundaries
between cropland and built-up land, leading to the overestimation of cropland area. The
results of cropland identification of AGLC were more detailed and more sensitive to
cropland boundaries, making it the smallest of the four datasets in terms of cropland
area. However, because AGLC is a global land cover product, it was constrained by
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the number of samples. It substantially underestimated cropland area in the complex
cropland distribution of the Western Guangdong region (Figure 15). CNLUCC is based on
remote sensing imagery and human-machine interaction, which resulted in a relatively
accurate spatial distribution of cropland. However, it had coarse boundaries and could not
effectively identify fragmented cropland. There were also instances of misclassification of
areas of built-up land between cropland, leading to an overall overestimation of cropland
area. Additionally, human—-machine interaction products require substantial manual effort
for updates, making annual updates challenging. In contrast, our dataset is an annual
cropland product that does not require substantial manual labor for timely, long-term,
dynamic monitoring of cropland. Furthermore, we used an object-based approach, which
allowed for a more accurate distinction of boundaries between cropland and built-up land.
Cropland geometries were more regular in our dataset, giving it a significant advantage in
cropland identification at the plot scale.

Table 5. Accuracy assessment of different datasets in 2015.

UA PA
Dataset OA Kappa
CL N-CL CL N-CL
CLCD 0.88 0.67 0.71 0.93 0.85 0.87
AGLC 0.85 0.61 0.65 0.92 0.75 0.88
CNLUCC 0.81 0.53 0.57 0.91 0.75 0.82
Our dataset 0.93 0.80 0.84 0.96 0.86 0.95

CNLUCC

Our dataset

Figure 15. Mapping examples of cropland between three important image collections in subregions
in 2015.
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4.3. Uncertainty of the Algorithm and Misclassification of the Validation

Mapping large-scale cropland distribution and monitoring long-term changes in crop-
land pose significant challenges. In this study, several factors influenced our monitoring
results. First, despite our utilization of Landsat-4/5/7/8 imagery from every year over
a thirty-year period, data gaps were still inevitable. The 16-day revisit cycle was insuffi-
cient for conducting long-time-series studies, and the issue of data striping in Landsat-7
reduced the quantity of high-quality observational data. During the rainy and cloudy
season, there could be continuous months with a lack of valid data, and the quality of
the data would affect the accuracy of identification. Secondly, the 30 m spatial resolution
reduced mixed-pixel effects to some extent. However, due to the fragmented landscape
pattern in Guangdong, accurately depicting the roads between cropland and the buildings
near cropland remained challenging. When some cropland is specially used, our algorithm
will also experiences some limitations. For example, if fruit trees are planted in cropland
year-round or if the cropland is covered by greenhouses throughout the year, cropland may
be identified as non-cropland.

In stratified random sampling validation, our cropland map exhibited some occa-
sional classification errors (Figure 16). Among these, cropland was occasionally confused
with forests and roads. Considering the dense forest cover in the study area, it is, indeed,
challenging to completely differentiate cropland based on phenological features and geo-
metric shapes, leading to common misclassifications (Figure 16A,a). In areas where forests
are adjacent to cropland, the boundary between the two land types may not be obvious
(Figure 16B,b). Furthermore, roads between larger cropland plots were not consistently
separated from cropland, and such commission errors occur less frequently (Figure 16C,c).
In our results, there were also some omission errors, which often occurred at the interface
between cropland and built-up land (Figure 16D,E,d,e). These mentioned classification
errors serve as a test of the neural network’s edge extraction capabilities and are areas of
further research focus.

Region:PRD

Region:PRD Region:EG

(B) ©

(b) () (@)

Figure 16. Typical cases of misclassification in cropland maps of Guangdong, 1991-2020. (A-F) False-
color composite Landsat images. (a—f) High-resolution ground-truth images.

4.4. Implications and Future Work

As a pioneer in the reform and opening up, Guangdong has experienced rapid eco-
nomic growth in recent years. However, agriculture has been significantly affected, with
a large amount of cropland being converted into built-up land or other land use types.
Therefore, monitoring cropland changes in Guangdong and creating precise, long-term
cropland maps hold significant importance for safeguarding food security and monitoring
cropland areas. In the face of the complex terrain and cropland characteristics of southern
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China, the long-time-series cropland monitoring algorithm we have proposed can achieve
extensive and long-term cropland change monitoring in the South China region. In con-
clusion, achieving more precise cropland identification and change monitoring requires
the attainment of specific phenological information relevant to the study area. Such infor-
mation varies due to differences in latitude, longitude, and elevation, leading to regional
disparities. In our future work, we will aim to apply this methodology nationwide and
potentially globally. This may involve delving into more complex phenological features to
optimize our algorithm, and we need to add a small number of samples with characteristics
that differ from those of cropland in Guangdong Province. Additionally, we can explore
seasonal changes in cropland throughout a year.

5. Conclusions

With the rapid development of the economy in recent decades, great changes have
taken place in the distribution and area of cropland in Guangdong Province. Exploring
the distribution and change in cropland and realizing long-time-series monitoring is of
great significance in studying the driving mechanism of cropland change and formulating
protection policies. However, due to the impacts of data quality and monitoring methods,
achieving accurate long-term, interannual monitoring of cropland has been a challenging
task. Most existing remote sensing cropland monitoring datasets do not take into account
the rationality of interannual variation of cropland, so they are difficult to apply to actual
scenarios. In this study, we developed a long-time-series cropland monitoring algorithm
that can correct unreasonable interannual changes in cropland and carried out good practice
in South China, which is characterized by cloudy and rainy conditions, complex cropping
systems, and a high degree of cropland fragmentation. The results indicate that the
cropland monitoring results in Guangdong Province over a period of 30 years exhibit high
accuracy, with an OA of 0.80-0.83 and Kappa coefficients of 0.91-0.93. These results are
also highly consistent with agricultural statistical data. The overall trend in cropland area
in Guangdong Province has shown a decrease over the 30-year period, with variations in
trends observed in different regions and periods. Our method monitors cropland from
the perspectives of long-term, gradual change and short-term, abrupt change, which not
only partially overcoming the uncertainties present in traditional cropland monitoring
methods but also providing accurate information on cropland spatial distribution and area
changes. These data serve as crucial foundational information for agricultural production
and cropland conservation. Moreover, since the 30-year cropland dataset has a high degree
of continuity between years, it can be used to analyze the long-term, interannual changes
in cropland in real scenarios. Future research could expand to larger regions and delve into
more detailed changes in cropland during the year.
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