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The accuracy assessment of land cover data is of significant value to accurately monitor and
objectively reproduce spatio-temporal dynamic changes to land surface landscapes. In this study, the
interpretation and applicability of CCl, MCD, and CGLS long time-series land cover data products for
China were evaluated via consistency analysis and a confusion matrix system using NLUD-C periodic
products as reference data. The results showed that CGLS had the highest overall accuracy, Kappa
coefficient, and area consistency in the continuous time-series evaluation, followed by MCD, whereas
CCl had the worst performance. For the accuracy assessment of subdivided land cover types, the three
products could accurately describe the distribution of forest land in China with a high recognition level,
but their recognition ability for water body and construction land was poor. Among the other types,
CCl could better identify cropland, MCD for grassland, and CGLS for unused land. Based on these
evaluation results and characteristics of the data products, we developed suitable selection schemes
for users with different requirements.

The accuracy of land cover data is an important basis for global research topics, such as dynamic monitoring of
land cover changes, climate and environmental change, regional economic planning, and ecosystem assessment"?.
However, owing to the significant area and complexity of terrestrial ecosystems, land cover cannot be directly
obtained through field observations during actual use processes; the continuous innovation and development
of satellite remote sensing technology provides a new opportunity for the accurate identification of land cover.
Compared with traditional field mapping and monitoring, remote sensing monitoring has numerous advantages,
such as real-time, objectivity, long time-series, full coverage, traceability, and high precision®*. It has, therefore,
become the main technical path for research on global land cover changes®. The diverse physical and geographi-
cal environment and substantial social and economic activity of China together form a highly heterogeneous
and dynamic surface landscape, i.e., higher requirements for land cover mapping, monitoring, and quantitative
analysis in this region. Therefore, evaluating the interpretability and accuracy of different Chinese land cover
data can aid in objectively recording and reproducing the spatio-temporal dynamic process of land cover changes
in China.

Currently, common land cover datasets include the (1) IGBP developed by the international geosphere bio-
sphere program dataset, with a resolution of 1000 m® (2) UMD developed by the University of Maryland, with a
resolution of 1000 m’; (3) GLC developed by the European Joint Research Center, with a resolution of 1000 m®;
(4) MODIS land cover dataset (MCD12Q1), with a resolution of 500/1000 m’; (5) CCI-LC developed by the
European Space Agency, with a resolution of 300 m'% (6) CGLS developed by Copernicus land service, with a
resolution of 100 m''; and (7) NLUD-C developed by the Chinese Academy of Sciences, with a resolution of
30 m'2. Additionally, some single year or long-term land cover data, as well as many derivatives based on Sentinel
and Landsat series satellite data, are also commonly used for research. Although these land cover data provide
detailed basic data for examining Earth’s surface landscape, significant differences in satellite sensors, monitoring
accuracies, classification systems, calibration areas, and applicable environments'>' result in large deviations in
the interpretation and accuracy of Chinese land cover.

Presently, there are two techniques to evaluate the accuracy of land cover data. The first method is to estab-
lish a confusion matrix that verifies the pixel coincidence degree of land cover data, followed by evaluating the
error and omission ratio between the reference data and data for evaluation!®!°. The sub-pixel confusion matrix
(extended on this basis) does not require scale conversion, which largely avoids the uncertainty and error in the
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processing process>'®. The second is consistency analysis, i.e., the area consistency of land cover types of statisti-

cal and validation data in corresponding spatial locations'”. This method reveals the difference and similarity in
the spatial distribution of land cover types between the reference data and data for evaluation in a specific area;
however, observing specific changes in land cover types is impossible.

Based on the above evaluation methods, many studies have examined the interpretability and applicability of
different land cover data in China. (1) Accuracy assessments of China’s overall scope, emphasizing verifications
of the explanatory power of various land cover data in China at different time points. These studies reveal that
GLC2000 products (providing single year data) have strong explanatory power in China with a limited number
of remote sensing products>'®!°. However, with the increasing availability of high- and medium-resolution
satellite images, MCD12Q1 2001/2010 and CCI-LC 2000/2010 also have good explanatory power in China?®.
Generally, most studies lack long-term accuracy assessments, which limits in-depth comparisons and mining
of the use value for different data. (2) Accuracy assessment of specific regions in China, i.e., studies that focus
on the interpretation of different data for typical regions or individual provinces in China. For example, the
verification sample points of typical areas for evaluation are established and selected based on China’s physical
geography division; the evaluation results for the sample points then reflect the accuracy of different data??2.
They can also focus on precision assessments of mixed land cover types or local provinces and cities, such as
North China, South China, Northwest China, Wuhan Province, and the black soil region**=%. It can reflect the
subtle changes of various land cover types in natural location or administrative division, but the research scope
is narrow and the conclusion is not universal. (3) Accuracy assessments of China’s sub land types emphasize the
applicability of different data to specific land cover types in China, e.g., the thematic precision of cropland, forest,
wetland, and other subdivision land types*~?. It can compare different products according to specific types, but
it is difficult to give a full type of data selection scheme.

Existing research on the interpretability and applicability of land cover data in China has achieved rich results,
but the following two deficiencies require further discussion. (1) Presently, accuracy assessments mainly focus
on horizontal accuracy comparisons at different time points, focusing on the impact that satellite sources, clas-
sification systems, spatial-temporal resolution, and assessment methods of different land cover data have on the
accuracy assessment results'*!”. However, this notably lacks a vertical accuracy trend comparison of long time-
series and the impact of the internal characteristics of different data on its accuracy trend, which significantly
limits in-depth mining of the applicable features of different data®. (2) Previous studies have mostly used global
land cover data to evaluate the interpretability of diversified land cover data in specific regions. However, the
reference data itself still has a large deviation in the interpretability and accuracy of China’s land cover. Simul-
taneously, without a land classification system suitable for China, carrying out accuracy evaluations according
to local conditions is difficult; differentiated evaluation results still require further explanation and discussion.

Based on this review, the research objectives and marginal contributions of this paper had three main points.
(1) Combined with Spatial analysis technology, restore the spatial capture comparison view of different land cover
data sets from the perspective of “county level”. (2) We not only focus on the horizontal comparison of accuracy
between different land cover datasets during the same period or at the same time point, but also pay attention to
the comparison of accuracy change trends among different land cover datasets over a long time series, while also
taking into account the ‘relative change accuracy comparison. (3) Reveal the changes in monitoring accuracy of
land cover types in China over the past 20 years based on different land cover data, and explain the reasons for
the differences in accuracy evaluation of different land cover datasets, taking into account the unique terrain
and landforms of China. Propose product usage plans.

Methodology

Data sources. Data for evaluation. Three land cover data were evaluated in this study. All data were
cut uniformly according to China’s national boundaries. The details of the three products are as follows: (1)
MCDI12Q1 data, 500 m resolution from 2001 to 2020; (2) ESACCI data, 300 m resolution from 2000 to 2020; (3)
CGLS data, 100 m resolution from 2015 to 2019. The focus of this study was to evaluate the accuracy evolution
trend of continuous time series of different products. Thus, the three products selected could not only provide
long-term continuous monitoring data but also met the evaluation requirements for resolution differentiation.

Reference data. NLUD-C was produced by the Chinese Academy of Sciences (http://www.resdc.cn). When
updating data from each year, the remote sensing images, manual visual interpretation, field investigation and a
large quantity of auxiliary information and other measurement means were used comprehensively. This product
pays more attention to the thematic accuracy and positioning accuracy of land cover change dynamics. It is the
most accurate remote sensing product known for explaining China’s land cover types®.

Data preprocessing. 'The unified classification scheme is an important prerequisite for evaluating the inter-
pretability of different land cover data. Based on NLUD-C classification standard, as well as by referring to the
classification methods of Latifovic and Olthof'® and Herold et al.'>. We unified the classification system: crop-
land, forest, grassland, water bodies, construction land, and unused land (Table 1). The transformation of the
classification system mainly followed two principles: (1) the principle of approximate area, i.e., the area of land
cover types with different data after statistical classification and (2) view consistency principle, i.e., observing
the spatial position relationship between different land cover types and various types of reference data after clas-
sification. Taking three land cover data for evaluation as the benchmark, the nearest neighbor matching method
was used to capture and resample the reference data to unify the pixel size and prevent patch drift from impact-
ing the evaluation results.
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NLUD-C

CCI

MCD

CGLS

1. Croplands

Cropland, rainfed, Cropland, irrigated or post-
flooding

Croplands, Cropland/Natural Vegetation Mosaics

Cultivated and managed vegetation/agriculture

Mosaic cropland/natural vegetation, Tree cover,
broad leaved/needle leaved, evergreen/deciduous,

Evergreen Needleleaf/Broadleaf Forests, Decidu-
ous Needleleaf/Broadleaf Forests, Mixed Forests,

Shrubs, Closed forest, evergreen needle/broad leaf,
Closed forest, deciduous needle/broad leaf, Closed

2. Forest closed to open (>15%), Tree cover, mixed leaf Closed/Open Shrublands, Woody Savannas forest, mixed/unknown, Open forest, evergreen
type, Mosaic tree and shrub (>50%)/herbaceous Savannas 3 > Y > needle/broad leaf, Open forest, deciduous needle/
cover (<50%), Shrubland v broad leaf, Open forest, mixed/unknown

3. Grassland Mosaic herbaceous cover (> 50%)/tree and shrub Grasslands Herbaceous vegetation

(<50%), Grassland

4. Water Bodies

Tree cover, flooded, fresh or brackish water/saline
water, Shrub or herbaceous cover, flooded, fresh/
saline/brackish water, Water bodies, Permanent
snow and ice

Permanent Snow and Ice, Water Bodies

Snow and Ice, Permanent water bodies, Open sea

5. Urban and Built-up

Urban areas

Urban and Built-up Lands

Urban and Built-up

6. Unused land

Lichens and mosses, Sparse vegetation (< 15%),
Bare areas

Permanent Wetlands, Barren

No input data available, Bare/sparse vegetation,
Herbaceous wetland, Moss and lichen

Table 1. Transformation of the classification system for the three types of land cover datasets.

Analytical methods. Consistency analysis. 'The consistency test is often used to calculate the consistency
of different research objects. This study used the area proportion of the same land cover type in the correspond-
ing spatial position of different data, which is used to verify the similarity between the area of the land cover
type in the data for evaluation and the area of the corresponding type in the reference data, as expressed by the
consistency coefficient!®*13%;

n
> XYy
i=1

Ay = ——— x 100%, W
M
where X; represents the area of the class i land type in data product X, Y; represents the area of the class i land
type in data product Y, XY;; represents the same area of the class i land type in data X and Y, n is the number of
classifications, and M is the total area of the study area. Equation (1) can also be used to calculate the individual
area consistency, A;, and the overall area consistency of the class i land type.

Accuracy evaluation. 'The confusion matrix, also known as an error matrix, is an important application method
for land cover accuracy evaluation. It can intuitively reflect the classification relationship between the data for
evaluation and the reference data. Its specific evaluation indicators include the Kappa coefficient, overall accu-
racy, producer accuracy, and user accuracy, among others. These accuracy indicators can reflect the accuracy
of the land cover data product classification from different dimensions®. The Kappa coeflicient is an important
reference index for accuracy evaluations:
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where N is the total number of verification points or samples for the accuracy evaluation in the confusion matrix,
n is the type number of land cover data in the confusion matrix, Tj; is the number of land types correctly classi-
fied (the sum is the sum of the diagonals in the confusion matrix), T;; represents the sum of the category in the
classified data, and T'y; represents the sum of category i in the measured or reference data.

Results

Visual comparison. Based on the land cover classification system for NLUD-C products, we converted the
CCI, MCD, and CGLS land cover data into the NLUD-C classification system via GIS reclassification technol-
ogy. Considering that the period of the data for evaluation in this paper was inconsistent, as well as that the
common year for all of the data was 2015, we provided classification and transformation views of the four land
cover data types in 2015 to preliminarily show the spatial location comparison of different land cover data, as
exhibited in Fig. 1. Different land cover data could approximately reveal and describe the spatial characteristics
and distribution of land cover in China, such as forest in the south, cropland in the middle east, and unused
land in the northwest. There were still many visual differences between the data for evaluation and the reference
data, especially in the distribution description for the mixed areas of land cover types, such as northern China
represented by the Inner Mongolia Plateau, mountainous areas in southwestern China represented by Tibet, and
the forest grass mixed zone in the inland areas of the middle east.

Consistency analysis. Table 2 lists the overall consistency results for the three land cover data for evalua-
tion during the study period. The overall consistency level of the three land cover data fluctuates between 65 and
70%, which is highly consistent with the reference data. Specifically, in the comparison for 2005, 2010, and 2020,
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Figure 1. Visual comparison of the four types of land cover datasets in 2015.

Croplands 70.61 70.82% 58.09 71.15 57.90 70.70 58.85 66.78 70.04 59.35
Forest 80.81 81.00 80.22 79.90 79.18 79.88 79.81 82.32 80.37 80.10
Grassland 56.73 57.14 61.58 57.04 63.95 57.51 63.92 56.25 56.51 63.59
Water 51.83 51.84 34.82 49.95 34.08 50.23 34.34 46.33 50.10 34.90
Urban 17.57 24.94 28.36 31.34 28.10 33.76 28.10 46.51 39.99 31.53
Unused 66.59 66.30 78.18 62.72 75.73 62.14 75.31 79.80 63.22 75.63

Table 2. Changes in the overall area consistency values from 2000 to 2020.

the overall consistency of the MCD was slightly higher than that of the CCI. The CGLS had the highest overall
consistency in the horizontal comparison in 2015 and the strongest description of China’s land cover distribu-
tion. From the time series, the overall consistent level of CCI decreased slightly, while MCD increased slightly,
but both changes fluctuated stably.

Table 2 shows the comparison of consistency results of subdivided land cover types. Compared with the refer-
ence data, the consistency level of forest in the three products is maintained at about 80%, and the similarity is
high. The consistency level of croplands in CCI is the best, that of grassland and water is the best in MCD, and
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that of unused land in CGLS is slightly better than MCD and much higher than CCI. Although the consistency
of construction land in CGLS is better than CCI and MCD, the similarity of the three products is low. Among
them, the consistency difference of water bodies is the most prominent, reaching the maximum difference of
17.20% in 2005. CGLS was added to the evaluation sequence in 2015, and the consistency difference of construc-
tion land was the largest, reaching 18.41%, followed by unused land and water bodies.

From a vertical trend perspective, the consistency of cropland, forest, grassland and water bodies among
the three products was relatively stable, while the construction land and unused land had notable changes. The
consistency level of construction land in CCI increased from 17.57% in 2000 to 39.99% in 2020, with a large and
rapid increase, and the consistency difference range between CCI and MCD is expanding. However, compared
with other land cover types, the consistency level of construction land is still low. The consistency level of unused
land shows a slow downward trend, but the decline of CCI is more notable than that of MCD.

Accuracy evaluation. Based on the confusion matrix, Fig. 2 shows the user accuracy, producer accuracy,
overall accuracy and Kappa coefficient of the three products. CGLS had the highest overall accuracy and kappa
coefficient, which were 69.45% and 0.60 respectively, CCI had the lowest overall accuracy and kappa coefficient,
which were 65.56% and 0.55 respectively, and MCD was between these two. This is mutually confirmed with the
conclusion of the above area consistency.

In the comparison of the producer precision (Fig. 2), the three products depicted the actual situation for for-
est cover in China with a high recognition level of approximately 80%. Among them, the CCI could better map
cropland; the production mapping level of water bodies was higher than the MCD and CGLS. The MCD could
better map unused land; the production mapping level of grassland was higher than the CCI. Mapping accuracies
of 82.36 and 79.87% for the CGLS products in 2015 were closer to the actual situation for forest and unused land
cover in China. Overall, the three products had a very weak recognition ability for construction land; the MCD
and CGLS had a weak recognition ability for water bodies. Based on the confusion matrix, the identification
confusion between water bodies, construction land, and other land was the reason for the low accuracy of the
two producers. From a vertical trend perspective, the identification ability of the CCI for construction land has
significantly improved since 2000, from 17.27 to 40%, but it is still at a low level. The precision of all land cover
types in other products maintained a stable fluctuation range.

In the comparison of the user accuracy, construction land and unused land were highly available in the CCI,
cropland and water were highly available in MCD, and forest and grassland were the highest in the CGLS. From a
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Figure 2. Combination of overall accuracy (from 0 to 75%, see the left half of the figure), Kappa coefficient
(from 0 to 1, see the left half of the figure), producer and user accuracy (from 0 to 100%, see the right half of the
figure) for land cover datasets.
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vertical trend perspective, the user accuracy of construction land in the CCI has increased from 69.48 to 72.65%
since 2000; the difference between the user and producer accuracy has decreased, indicating that the credibility
of construction land in the CCI has gradually improved. Only the user accuracy of grassland shows a downward
trend in CCI, and the user and producer accuracy remained at a similar low value, which indicated that the
probability of a misclassification and missed scores was similar, and the monitoring level must be improved.
Since 2005, the user accuracy of construction land and unused land in the MCD has increased significantly.
Construction land has increased from 43.37 to 57.55%, while unused land has increased from 66.83 to 72.66%.

Relative accuracy evaluation. Reference data preprocessing.  As the NLUD-C product only provides a
dataset every 5 years, as well as considering the realistic background of small land cover changes in adjacent
years, we assumed that the land cover type would not change significantly within 5 years, taking the unchanged
areas and types as a reference for evaluating the relative change in accuracy of other land cover data in the same
period. We then carried out consistency analysis and established a new confusion matrix for evaluation. Figure 3
shows the regional view of China’s land cover that did not change during the four periods of the NLUD-C prod-
uct, i.e., the reference data for the relative accuracy evaluation. The blank area represents the area where the land
cover type has changed.

Relative consistency analysis. In the relative consistency analysis (Fig. 4), the overall area consistency of the
MCD in each period was always higher than that of the CCI. The relative consistency level of 2001-2004, 2011~
2014, and 2016-2019 fluctuated between 65 and 70%. In the horizontal comparison for 2015-2019, the relative
consistency level of the CGLS was the highest, agreeing with the consistency analysis results for the time-sharing

[ ICroplands [l Forest [ | Grassland [l Water bodies Il Urban and built-up [l Unused land

Figure 3. Relative accuracy reference data view. (a) Represents the evaluation reference data from 2001 to 2004.
(b) Represents the evaluation reference data from 2006 to 2009. (c) Represents the evaluation reference data
from 2011 to 2014. (d) Represents the evaluation reference data from 2016 to 2019.
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Figure 4. Consistency of the relative area from 2001 to 2019. The “relative consistency” at the top of the
figure represents “overall area consistency from a relative perspective”. The other parts in the figure represent
the relative area consistency of land cover classification, and the arrow in the legend below points towards the
reference direction of the vertical coordinate. For example, the consistency interval of unused land is 60-80 or
above.

points above. We note that the relative consistency between the CCI and MCD from 2006 to 2009 was signifi-
cantly higher than that in other periods.

The results for the relative consistency of different land cover types in different products were basically the
same as the previous consistency analysis conclusions, but the trend difference and degree of relative consistency
for the various types across the periods were more prominent. As shown in Fig. 4, the relative area consistency of
forest was still the highest, while the relative consistency for construction land in all periods for the CCI showed
a notable growth trend, with the fastest growth rate from 2011 to 2014. The range of the relative consistency dif-
ference between the CCI and MCD was the largest from 2001 to 2014 and highest at 19.03% in 2006. With the
addition of the CGLS to the research sequence, the consistency difference degree of construction land became
first, reaching 21.23% in 2016, followed by unused land and water, with the highest reaching 17.84 and 16.29%,
respectively. This indicates that the nature of construction land, unused land, and water changed significantly
during this period; the detection level of the CGLS for construction land and unused land was significantly
higher than that of the CCI and MCD.

Relative accuracy analysis. Figure 5 showed the results of the confusion matrix in each period of study. The
overall accuracy of CGLS were better than those of MCD and CCI, the relative accuracy level of CCI was the low-
est, and the accuracy change trend of the three products remained stable. The overall accuracy and kappa coef-
ficient from 2006 to 2009 were significantly higher than those in other periods, which indicates that there are still
inherent misclassification and missing points in the monitoring of unchanged areas in China by land cover data,
and the monitoring capacity and level have not been significantly improved. We noted that the Kappa coeflicient
of water bodies in 2016-2019 showed a fault type difference in MCD. Combined with the Kappa coefficient
calculation formula and the following user accuracy observation, the fault phenomenon originated from the
continuously increasing number of misclassified samples for water bodies and construction land in the MCD.
In the trend comparison of the producer precision (Table 3), the producer precision of cropland, forest,
grassland, water bodies, and unused land in different products remained stable. Only the production identifica-
tion level of construction land in the CCI showed a notable growth trend; construction land in the MCD also
increased slightly. At the same time, the producer precision of construction land for other products was relatively
stable during this period. Based on Table 3, the precision of most producers of various land cover types during
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Figure 5. Relative overall accuracy (a) and Kappa coefficient (b).
CCI MCD CGLS CCI MCD CGLS
PA UA A [ua A [uA A [uA PA UA PA UA
Croplands Forest
2001-2004 | 71.16% | 67.96% |57.95% | 71.84% | - - 81.13% | 66.28% | 80.26% | 69.56% | - -
2006-2009 | 75.86% | 74.03% | 61.28% | 76.99% | - - 85.14% | 72.27% | 84.10% |73.14% |- -
2011-2014 | 74.99% |72.49% |61.06% |75.15% |- - 81.89% | 70.12% | 80.58% |70.97% |- -
2016-2019 | 72.64% |70.49% |61.59% |74.53% |68.39% |74.65% |81.42% |68.33% |81.21% |70.28% |83.91% |73.31%
Grassland Water bodies
2001-2004 | 57.23% | 65.09% |61.57% | 65.00% | - - 52.92% | 62.82% |35.50% |80.58% |- -
2006-2009 | 60.16% | 67.31% | 68.08% | 67.57% | - - 64.90% | 71.10% | 45.63% |85.22% |- -
2011-2014 | 59.30% |59.13% |65.15% |61.88% |- - 56.71% | 64.43% | 38.23% |79.70% |- -
2016-2019 | 58.39% |59.04% |64.83% |62.46% |57.46% |68.41% |53.81% |64.39% |37.61% |77.63% |50.90% |75.30%
Urban and built-up Unused land
2001-2004 | 21.12% | 68.72% | 25.76% | 39.96% | - - 66.74% | 68.87% | 79.03% |66.77% |- -
2006-2009 | 37.16% | 78.14% |34.31% |49.71% |- - 73.31% | 76.46% | 83.12% |77.06% |- -
2011-2014 | 42.33% | 80.73% |33.95% |56.18% |- - 64.27% | 74.53% | 77.01% |73.95% |- -
2016-2019 | 41.80% | 76.88% |33.35% |58.71% |54.19% |54.04% |64.00% |73.79% |76.83% |73.57% |81.58% |71.00%

Table 3. Relative accuracy of different types of producers and users. Where PA represents producer precision,
UA represents user precision. Due to space limitations, the values in the table represent the average level of
each time period.

2006-2009 was significantly higher than that in other periods, which not only showed that China has a large
land area that did not change from 2005 to 2010, but also showed the importance of the detection precision of
individual land cover types to the overall evaluation precision of products.

In the trend comparison of the user accuracy in different periods (Table 3), the availability of construction
land and unused land was high in the CCI; the availability of cropland, forest, grassland, and water bodies was
high in the CGLS, followed by elevated performance in the MCD. From the longitudinal trend of each study
period, the user accuracy of grassland in CCI and water in MCD decreased slightly, that of unused land in the CCI
and MCD increased slightly, and the user accuracy of construction land in the MCD showed a notable growth
trend. In the three types of land cover data, the producer precision of forest was significantly higher than the
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user precision; the user precision of water bodies and construction land in the CCI and MCD was significantly
higher than the producer precision. This indicates that forest had the lowest missing probability and highest
recognition accuracy; however, water bodies and construction land had the highest misclassification probability
and lowest recognition accuracy.

Discussion

Other factors that affect how accuracy is assessed.  First, during data processing, resampling caused
the inherent pattern deviation in the land cover view, especially in the pixel mixing area. This yielded inevitable
errors in the accuracy evaluation results. Subpixel evaluation approaches can reduce mistakes, according to prior
studies, but they are still limited by the evaluation scale and sample validation interval®'°. Second, in addition
to monitoring scale differences in the product data sources, most of the evaluation errors and errors in the three
land cover data mainly originated from inconsistencies in the classification schemes and evaluation methods,
which were less affected by resolution differences®*. This is especially evident in the hazy definition of land cover
subdivision kinds in various products, but it is challenging for production institutions to build a consistent
definition system due to the complexity of coordinating many product usage objects and application sectors®.

Differences in evaluation between CCl and MCD products. In this article, MCD products have high
overall consistency and producer accuracy'®, while CCI products have great overall accuracy in earlier horizon-
tal comparison studies. Although the CCI product using the LCCS classification system is better suited for the
complexity of the world’s land cover®**%, it is ineffective for China, which is primarily located in mid-latitude
regions because it overemphasizes the “advantages” of land classification attributes. Although some studies set
the evaluation area as China®**, the unified processing for the classification system of data for evaluation did
not follow the NLUD-C products, which fundamentally affected the evaluation process and calculation results.
Comparatively, CGLS products had a high resolution and subdivision of land attributes.

Identification differences in subdivided land classification. In the assessment of land cover types,
cropland, grassland, and forest were sensitive to spectral reflection>, i.e., they were easily monitored, classified,
and retrieved by remote sensing images. Therefore, these three types of land remained in a relatively stable preci-
sion assessment range; however, the construction land, unused land and water bodies with abnormal differences
require detail discussions. The actual spatial distribution of land cover in China does not have strict boundaries,
especially in the construction land that includes both urban and rural land. Therefore, low resolution products
are difficult to effectively identify rural construction land, as it is easily confused with farmland, grasslands, and
other land. Moreover, the extraction and identification methods for construction land differentiation by differ-
ent products mainly affect the assessment results, such as CCI identifying construction land based on constantly
updated MODIS data'® or MCD monitoring of construction land changes based on central verification points®.
(2) The resolution is a direct factor affecting the monitoring and identification of the spatial position and area
of a water bodies. When the resolution was increased from 500 to 100 m, the accuracy level of the CGLS water
bodies was significantly higher than that of the MCD. However, the water bodies monitoring level for the 300 m
resolution CCI product in the classification accuracy assessment was significantly higher than that of the CGLS
because the ENVISAT satellite adopts non-optical image recognition for water bodies. (3) The heterogeneity of
classification systems is the objective reason for significant differences in the accuracy evaluation of unused land.
Due to the fuzzy intersection between different product classification systems in terms of type, land attributes,
regional boundaries, and unused land classification, the number of misclassified and missed samples for unused
land is higher than that of other land cover types.

Limitations and prospects. The limitation of this paper is that although consistency and precision calcu-
lation are good evaluation indicators, the accuracy evaluation level of this paper is only limited to the first level
categories such as cultivated land, forest land, etc., and it fails to completely correspond to the subdivision of land
types, such as evergreen broad-leaved forest, paddy field, savanna, etc. In future research, it is worth discuss-
ing in depth the accuracy monitoring comparison of China’s segmented land types. Repeatedly verifying and
matching the differentiated classification indicators of different land cover datasets before formal comparison
is an important prerequisite for increasing the scientific and accurate accuracy of accuracy comparison. At the
same time, predicting land cover changes based on the characteristics of different datasets and applying them
to other fields is particularly important, such as carbon emission assessment or ecological indicator assessment.

Conclusions

Based on NLUD-C products, we used consistency analysis and a confusion matrix to evaluate the accuracy level
of three types of long-term time-series land cover data. Specifically, we first took the time period of nlud-c as
the node to carry out the horizontal accuracy comparison and evaluation of different data. Secondly, we further
carried out a comparative analysis of the relative accuracy trend for the three types of data in different periods.
The main conclusions are as follows: (1) Overall accuracy, Kappa coefficient, and consistency level of different
products. The CGLS data had the highest overall accuracy, Kappa coefficient, and area consistency in the accuracy
evaluation of the time points and periods. The overall accuracy of the CCI data and Kappa were the lowest, and
the area consistency level was poor. The MCD data was in between. (2) Consistency level, precision status, and
trends in land cover classification. CCI is better at identifying and mapping cropland and water, while MCD
can better identify and map grassland and unused land. Compared with the CCI and MCD, CGLS showed the
highest recognition level in forest and unused land since 2015.
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We provide the following selection suggestions for users. (1) Cross period observation and evaluation. Com-
pared with other products, NLUD-C products provide different users with high-precision land cover data for
China updated every five years with the high resolution, high recognition level, and high landform fitting degree.
(2) Long time-series observation and evaluation. Both the CCI and MCD can provide historical images of land
cover in China over the past two decades, but the overall accuracy of the MCD was slightly higher. (3) Different
selection of land cover types. First, different products have different recognition levels for different land cover
types. CCI should be used to analyze cropland and water, MCD to analyze grassland, and MCD and CGLS to
analyze forest and unused land. Second, from a data classification system perspective, we suggest the use of data
from an LCCS classification system to analyze cropland, water bodies, and construction land; data from an IGBP
classification system should be used to analyze grassland and unused land.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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