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Abstract. Land cover and its change play an important role as a critical variables
in global change studies and environment sciences. With many satellite-derived
land cover products have become available at global and regional scales, it is
possible to improve the quality of the product by integrating existing ones. In this
paper, we propose a methodology to generate integrated land cover product for
regional climate model over China. The integration rules were established based
on the accuracies information from the ground truth. The accuracy of the inte‐
grated product was greatly improved, with overall accuracy of 68.7%, and class-
specific accuracy ranging from 25.7% to 91.2%. Additionally, the spatial patterns
of the land cover over China were well captured, and good agreement with the
Landsat-based classification was achieved. Further, our results implicates the
quality of the land cover products for integration are significant critical in our
approach, the accuracy of the integrated land cover product is dependant on accu‐
racy of the original products used for integration, especially of the local products.
This integrated product could potentially improve the performance of regional
climate models by providing better estimates of key land surface parameters over
the region.
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1 Introduction

Land use/cover change is considered as a critical variable in global change studies and
environment science, which represents the influence of human activity and environment
change and drives the biosphere-atmosphere interaction [1]. Land cover classification
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provides vital baseline information on the biophysical features of the Earth’s surface,
which plays an important role in regional to global scale Earth models, because land
cover information is required to provide the initial conditions for parameterizing land
surface processes [2]. Changes in land cover may also lead to significant consequences
in environmental quality, climate change, and ecosystem health [3].

Currently, a number of global and regional scales land cover products have been
developed from satellite data for various scientific and management needs [4–8]. They
were widely used in a range of scientific studies including ecosystem, environment,
climate change, and sustainable development. Although some progresses have been
made for improving spatial parameterization, the quality of land cover products are still
considered as a major bootle-neck that compromise the performance of regional models
[9, 10]. Previous evaluation and inter-comparison of the land cover products showed
obvious discrepancies and uncertainties existed among different land cover products,
because of the differences in input data, spatial coverage, classifier algorithm, spatial
resolution, classification schemes, and acquisition period of satellite data [11–13]. A
more reliable and consistent land cover product are particularly important and essential
for various applications.

Several international organizations have fostered land cover harmonization and
strategies for interoperability and synergy among existing land cover products [14].
Recently, there were some attempts for end users to develop reliable land cover data by
integrating different products based on fuzzy agreement scoring [15], Dempster-Shafer
evidential reasoning [8], the majority rules [16], and synergistic approach [17, 18].
Despite of insufficient reference data available for thoroughly validating, the integrated
products were considered more accurate than the originals. Though there are still some
uncertainties with these methods, mainly because the existed products were produced
using different input data, classifier algorithm, spatial resolution and classification
schemes, developing integrated products from multi-satellite data is a reasonable alter‐
native approach for land cover quality improvement in short-term.

The objective of this paper is to assess the overall and class-specific accuracy of the
existing satellite-derived land cover products based on the validation points over China,
and to develop a new framework for generating an integrated land cover product with
IGBP classification scheme for regional climate model, according to specific fusion rules
established in terms of accuracies of the various satellite-derived land cover products.
A key focus is on assessing the accuracy improvement of the new integrated land cover
products.

2 Data and Method

2.1 Land Cover Products

In this study, the 2001 MODIS Collection 51 global land cover product (MC51 hereafter)
at 500-m spatial resolution with IGBP classification scheme, Global Land Cover 2000
(GLC2000) at 1-km spatial resolution with the Land Cover Classification System
(LCCS), and some regional scale land cover products, such as the National Land Cover
Datasets (NLCD) at 1-km spatial resolution, the Environment and Ecological Science
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Data Center for Western China (WESTDC) land cover at 1-km spatial resolution with
IGBP classification scheme were selected for integration.

2.2 Validation Points

A specific effort was made to establish validation points from multiple sources, including
field investigation, coordinated enhanced observation project in arid and semi-arid
China, Asia Fluxnet sites, Chinese Ecosystem Research Network (CERN) sites, Taiwan
long term Ecological Research Network (TERN), Terrestrial Ecosystem Monitoring
Sites (TEMS), and Degree Confluence Project (DCP). All the land cover categories of
the validation points were interpreted according to the IGBP classification scheme.
Finally, 1254 validation points were selected throughout China for subsequent validation
efforts.

2.3 Evaluating Accuracy of the Land Cover Products

Most of the land cover products are validated, and their overall accuracy and class-
specific accuracy are reported [5, 19]. Because different validation database and methods
were used, the reported accuracy measures are not comparable and may not be consid‐
ered as truly robust quantitative estimates. Here, all the land cover products for inte‐
gration were evaluated using confusion matrix based on the validation points, the overall
accuracy and class-specific accuracies were calculated and served as the foundation for
integration. The integrated products were also evaluated against the validation points.
Moreover, three subsets were selected for examining the spatial pattern of integrated
product against the classification map interpreted from the Lansat TM, and for quanti‐
tative analyzing the each land cover class.

2.4 Land Cover Product Integration

Our integration approach was based on an idea that the more agreement of same land
cover class among the products, the higher probability or likelihood that the specific
land cover class exists at that pixel [15–17]. The process of integration was divided into
two phases. First, all land cover products were assessed with the validation points, and
each land cover categories were ranked based on the accuracy of the land cover cate‐
gories before integration (Table 1). Then, each land cover categories was integrated
based on rank value. The integrated process for each land cover categories based on rank
value was illustrated in Fig. 1a. Land cover product #1 (LC#1) had the highest accuracy
of the specific land cover categories evaluated by ground truth, and followed by LC#2,
LC#3 and LC#4. The black pixels indicate that specific land cover category exist in each
product. If all 4 products agree on the specific land cover categories exist in the pixel,
a value of 1 is assigned for this pixel. A value of 2 was assigned to the pixel where the
LC#1, LC#2 and LC#3 agree the specific land cover categories but LC#4 does not. There
are 15 possible rank value with 4 land cover products, which was shown in Table 1.
Finally, 17-class integrated layer, which were generated in the second phase, were inte‐
grated for the final land cover integration based on the value of rank assigned to each of
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pixels (Fig. 1b). A specific land cover category was assigned to a pixel if that category
has the highest priority.

Table 1. The datasets ranking for integrating four land cover products.

Rank value Land Cover#1 Land Cover#2 Land Cover#3 Land Cover#4
1 + + + +
2 + + + −
3 + + − +
4 + − + +
5 − + + +
6 + + − −
7 + − + −
8 + − − +
9 − + + −

10 − + − +
11 − − + +
12 + − − −
13 − + − −
14 − − + −
15 − − − +

Land Cover#1 has the highest accuracy of the specific land cover category, followed
by Land Cover#2, #2 and #4. The symbol “+” indicates the presence of the specific land
cover category at the pixel and “−” indicates absence.

Fig. 1. Multi-satellite product integration based on rank value. (a) Integration of each land cover
categories; The black pixels indicate that specific land cover category exist in each product, LC#1
has the highest accuracy assessed with the validation points followed by LC#2, LC#3 and LC#4.
The numbers in pixels are the rank value which means the priority for integration, the smaller of
the number, the higher priority for integration. (b) Final land cover product integration. A, B, C
and D are the integrated land cover categories with the rank value generated from the Phase 1,
and the numbers in the pixels indicate the priority of the specific land cover category.
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Table 2. The overall and class-specific accuracy of the land cover products for integration

Land cover class Accuracy (%)
MC51 2000 WESTDC GLC2000 NLCD2000

0. Water 64.0 80.0 54.0 48.0
1. Evergreen needleleaf forest 33.3 35.9 38.5 /
2. Evergreen broadleaf forest 35.0 20.0 45.0 /
3. Deciduous needleleaf forest 22.7 18.2 31.8 /
4. Deciduous broadleaf forest 25.9 22.2 59.3 /
5. Mixed forest 46.8 25.5 21.3 /
6. Closed shrublands 19.6 30.4 16.1 30.0
7. Open shrublands 35.3 26.5 14.7 /
8. Woody savannas 41.2 44.1 14.7 /
9. Savannas 19.2 38.5 0.0 /
10. Grasslands 67.6 80.3 57.6 72.3
11. Permanent wetlands 16.1 32.3 19.4 19.4
12. Croplands 60.3 77.6 53.0 70.6
13. Urban and built-up 65.6 78.5 15.1 39.8
14. Cropland/natural vegetation mosaic 25.4 19.7 0.0 /
15. Snow and ice 44.4 55.6 50.0 61.1
16. Barren or sparsely vegetated 78.8 75.4 68.6 63.6
Overall 53.7 61.7 41.9 60.9

3 Results

3.1 Accuracy of the Land Cover Products

The overall and class-specific accuracy of land cover products used for integration were
validated by validation points (Table 2). The overall accuracy of the MC51 2001,
GLC2000, WESTDC, and NLCD 2000 are 53.7%, 41.9%, 61.7%, and 60.9%, respec‐
tively in China, which are remarkably lower than global area-weighted accuracy. The
class-specific accuracies varied significantly. As expected, the accuracies of water,
grasslands, croplands, snow and ice, and barren or sparsely vegetated were generally
greater than the other categories. By contrast, the accuracies of remaining land cover
categories were much lower, and varied significantly among products. Generally, the
accuracies of forests in GLC2000 were much greater than in others. Other high accuracy
cases include closed shrublands in WESTDC and NLCD 2000, open shrublands in
MC51 2001 and WESTDC, permanent wetlands and urban and built-up in WESTDC,
and snow and ice in NLCD 2000. Clearly, each land cover product has its advantages
and limitations with specific land cover categories, which provided great opportunity
and possibility for us to improve the quality of land cover data or integrate a new dataset
that contained the advantages of each dataset based on the identified uncertain areas.
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3.2 Comparison Between the MC51 and Integrated Land Cover Product

An integrated land cover product were created based on multi-satellite land cover prod‐
ucts (Fig. 2). Remarkable differences were found between the MC51 products and inte‐
grated product. The major difference was found on the Tibetan Plateau, Inner Mongolia,
Loess Plateau, and the edge area of barren area of northwest China, where grasslands
replaced the open shrublands and barren or sparsely vegetated. Integrated product
demonstrated similar land cover classification as previous results [8, 20], and similar to
the 1:1000000 scale China vegetation map. Meanwhile, more oases in the desert are
identified in integrated product. It seems to be reliably mapped, grasslands were clearly
underestimated by MODIS, due to the presence of mixed classes such as Natural/crop‐
land vegetation, and also the different definition of the grassland.

Fig. 2. Overview of the MODIS land cover products and integrated product. (a) MC51 2001; (b)
Integrated land cover product for 2001.

Main plant functional types, and spatial pattern of forests in China are captured in
the integrated product. Evergreen needleleaf forest are located in the south China and
the edge area of Tibetan Plateau; Evergreen Broadleaf forest are mainly dominant in
south China; Deciduous needleleaf forest are mainly placed in the Daxing’an Mountains
of northwest China; Deciduous broadleaf forest are located in major mountain ranges
in northwest and north China. By contrast with MC51 product, we found that much
mixed forest are replaced by different forest types. The main patterns of forest in China
are better captured by our integrated product, which are much similar to the China
vegetation map. Such achievements are mainly contributed by GLC2000, due to its high
accuracy of the forest types, which were produced by the regional and local experts.
MODIS clearly overestimated the areas of mixed forest in China. Indeed, it is very
difficult to distinguish classes with similar spectro-temporal-texture signals, especially
for mapping continuum into discreted forest categories.

In addition, more inland water and permanent wetlands are presented in Sanjiang
Plain, the largest wetland in China; and more inland water and permanent wetlands are
identified in the flood plains of the Yellow River and Yangtze River. Meanwhile, more
permanent wetlands are captured on the Tibetan Plateau, which are consistent with local
studies [20, 21]. Further, more pixels were categorized into cropland on the Loess
Plateau, and edge of the Mongolia plateau. All these characteristics are better captured
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in our product, indicated by greater agreements with local products and validation points.
Indeed, the classes with much higher accuracy in local land cover products are well
represented in the integrated product. Local land cover product played an important role
in the integration process, and their contribution are significant. The quality of the
participant land cover products are critical in our integration method, because their
classification confidence could transferred to the integrated product, and affected the
quality of the final product.

3.3 Accuracy of the Integrated Land Cover Product

The integrated land cover product for 2001 were also validated with validation points
(Table 3). The overall accuracy of the integrated product were 68.7%, a 15.0% increase
from original MC51 product. The class-specific accuracies differed significantly,
ranging from 25.7% (cropland/natural vegetation mosaic) to 91.2% (grasslands). Gener‐
ally, the accuracy of most categories was significantly increased in integrated product.
However, the accuracy of mixed forest, open shrubland, woody savannas, and barren or
sparsely vegetated were decreased. The grassland has the greatest increase of accuracy
(23.6%), followed by permanent wetlands (22.6%), deciduous broadleaf forest (22.2%),
water (18%), croplands (17.9%), savannas (15.4%), deciduous needleleaf forest (13.7%),
closed shrublands (12.5%), snow and ice (11.7%), and evergreen broadleaf forest
(10.0%). In addition, the percentage area of forests, grassland, built-up in integrated
products generally have high agreements with the statistical yearbook, the forest inven‐
tory data (1999–2003), and the 1:1000000 scale China vegetation map. It is very inter‐
esting to see that major improvements of accuracy were achieved in classes with high
accuracy in the local land cover product, such as water, closed shrubland, grassland,
permanent wetlands, croplands, urban and built-up, snow and ice. Obviously, the local
land cover product with high accuracy play an important role in the integration proce‐
dure. On the other hand, some land cover classes still have low accuracy, such as open
scrublands, woody savannas, savannas, cropland/natural vegetation mosaic, and mixed
forests. These classes may be easily confused due to the spectral similarity. For woody
savannas, and savannas, only one classification scheme was used for MODIS product,
and their accuracies are much lower than others. Discrepancy of the accuracy among
the individual categories largely resulted from the significant difference of participant
products, highly supports from local land cover products are significantly important for
our integration method.
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Table 3. The overall and class-specific accuracy of the integrated product validated by validation
points

Land cover class Accuracy (%)
0. Water 82.0
1. Evergreen needleleaf forest 34.8
2. Evergreen broadleaf forest 45.0
3. Deciduous needleleaf forest 36.4
4. Deciduous broadleaf forest 48.1
5. Mixed forest 31.5
6. Closed shrublands 32.1
7. Open shrublands 30.5
8. Woody savannas 26.5
9. Savannas 34.6
10. Grasslands 91.2
11. Permanent wetlands 38.7
12. Croplands 78.2
13. Urban and built-up 67.7
14. Cropland/natural vegetation mosaic 25.7
15. Snow and ice 55.6
16. Barren or sparsely vegetated 78.3
Overall 68.7

3.4 Detail Comparison of the Products in Subsets

Three local subsets were selected for comparing with 1:1000000 scale China vegetation
map, and classification products based on the Landsat-7 satellite data to further evaluate
the integrated product (Fig. 3). Generally, the land cover pattern of the integrated prod‐
ucts in each subset appears similar to the China vegetation map and Landsat-7 classifi‐
cation. The integrated product was validated against the Landsat-7 classification. The
accuracy of the integrated product was 53.4%, 52.8%, and 55.3% for region A, B and C,
respectively, which have improved by about 8.2% to 24.8%. For region A in the Tibetan
Plateau, the distribution pattern of the land cover classes in integrated product presented
good agreement with Landsat-based classification and national vegetation map. The
MC51 products apparently underestimated grassland. For region B in the boundary area
of the Daxin’anling Mountains, the MC51 products significantly overestimated crop‐
lands, and the transition zone were also not clear. The extent of the cropland in integrated
product is accordant with the reality, and forest types were also classified at high accu‐
racy. For region C in the Sanjiang plain, MC51 product underestimated water, permanent
wetlands, and overestimated the grassland. But in integrated product, they agreed with
reference data well. Overall, our integrated product achieved greater overall accuracy
than MC51 product. But, some land cover classes were more or less overestimated in
some regions. It is interesting where the grassland or wetlands was overestimated in
local product, they were also overestimated in integrated product. Apparently, the accu‐
racy of the participant products also can affect the quality of the integrated product.
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Fig. 3. Comparison of the three local subsets among four land cover map. (a) Subset A in the
Tibetan Plateau of northwest China; (b) Subset B in the Daxin’anling Mountain of northeast China;
(c) Subset C in the Sanjiang plain of northeast China.

4 Discussion and Conclusion

A method based on the accuracy of multi-satellite land cover products was proposed
and applied to integrate a land cover product for 2001 over China. The accuracy of the
MODIS, GLC2000, WESTDC, and NLCD2000 land cover products were validated with
validation points to establish integration rules. Generally, the distribution patterns of the
land cover in integrated product were captured reliably. The overall accuracy of the
integrated product was 68.7%, a major improvement compared to the original MC51
product. Most of the class-specific accuracy in integrated product increased. Addition‐
ally, the distribution patterns of the land cover in our integrated product showed good
agreement with Landsat-based classification and 1:1000000 scale national vegetation
map. The quality of the land cover products for integration are critical in our integration
method, the accuracy of the integrated product is dependant on the accuracy of partici‐
pant land cover products for integration. Local land cover products played an important
role in the integration process, their contribution are significant. Major improvement of
classification accuracy was found in classes that are supported by the local products.

The integration rules in our study are established in terms of the accuracy validated
by the ground truth, which are more objective and credible, but some limitations still
need to be considered. First, in the preprocessing process, the LCCS classification
schemes used in the GLC2000 product was translated to IGBP classification scheme
according to recommended relationship. Meanwhile, the different spatial resolution with
the products were resampled to the same spatial resolution, which may have introduced
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additional uncertainty. Second, the accuracy of participant land cover products need to
be further validated as additional reference data become available. Our results implicate
high accuracy of the participant products could bring great improvement of the quality
of the integrated product. Finally, the integrated product also need to be further rigorous
validated against ground truth. With high quality land cover products become available
in the future, we also expect to improve methods to produce more accurate and up-to-
date land cover products for climate modeling.
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