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Abstract: Land surface area estimation can provide basic information for accurately estimating vegetation carbon

storage under complex terrain. This study selected China, a country dominated by mountains, as an example, and
calculated terrestrial vegetation carbon storage (VCS) for 2000 and 2015 using land surface area and traditional ellipsoid area. The land surface area is estimated by a triangular network on the high precision digital elevation model.
The results showed that: 1) The VCS estimated by the surface area measurement in 2000 and 2015 were 0.676 and
0.692 Pg C (1 Pg = 1015 g) higher than the VCS calculated using the ellipsoid area, respectively. 2) As the elevation
increases, the differences between VCS estimated by surface area measurement and ellipsoid area measurement are
expanding. Specially, a clear gap was present starting from an elevation of 500 m, with the relative error exceeds
8.99%. 3) The total amount of carbon emitted due to land use change reached 0.114 Pg C. The conversions of forestland and grassland to other land use type are the main reasons of the loss of vegetation carbon storage, resulting in
a total amount of biomass carbon storage decreased by 0.942 and 0.111 Pg C, respectively. This study was a preliminary exploration of incorporating land surface area as a factor in resource estimation, which can help more accurately understand the status of resources and the environment in the region.
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1

Introduction

Research on terrestrial ecosystem carbon storage was
considered to be one of the premier scientific issues by
the International Geosphere-Biosphere Program (IGBP)
and the World Climate Research Program (WCRP), who
argued that vegetation plays an important role in regulating the global carbon balance and mitigating global
climate change (Piao et al., 2009). Vegetation stores a
large amount of carbon and thus reduces the impacts of
carbon emissions on the global climate (Xu et al., 2018).

With the rapid industrialization of the past 30 years,
China’s carbon emissions have risen sharply, making it
the world’s largest emitter of CO2 (He et al., 2018).
Specially, accumulated carbon emissions from land use
changes over the period from 1950–2005 were 10.6 billion t, accounting for 12% of global carbon emissions
from land use change over the same period (Dong,
2010). It is therefore of great significance to accurately
estimate vegetation carbon storage and change in China
for the global carbon balance.
Scholars from various countries have conducted
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research to estimate carbon storage and change in
vegetated ecosystems, and have developed some
commonly used methods, such as sampling (Nogueira et
al., 2008; Zomer et al., 2016), modelling (Evrendilek et
al., 2007; Fang et al., 2007), remote sensing (Raciti et
al., 2014; Grinand et al., 2017), and the carbon density
database (Fang et al., 2007; Yang et al., 2010; Lai et al.,
2016a; He et al., 2018). However, carbon storage is
affected by vegetation type, soil type, climatic
conditions, management activities, and more. At present,
no consensus has been reached on the methods for
estimating vegetation carbon storage. All methods are
imperfect and the differences between carbon storage
estimation results are also large (Bartholomée, 2018;
Guo, 2019). For example, Xu et al. (2018) used statistics
to summarize field-measured carbon storage data in
terrestrial ecosystems collected between 2004 and 2014,
estimating that China’s vegetation carbon storage was
about 14.60 ± 3.24 Pg C. Fang et al. (2007) derived a
value of 5.9 Pg C by combining a biomass expansion
factor (BEF) model with ground observations. Piao et al.
(2005) used a satellite-based approach to estimate
China’s average carbon storage to be 5.99 Pg C, while
Pan et al. (2004) obtained a value of 4.34 Pg C using a
volume-to-biomass method based on age groups
representative of forest development stages. Li et al.
(2004) used carbon exchange within the VegetationSoil-Atmosphere system (CEVSA) model at a 0.5
latitude-longitude grid spatial resolution to calculate
total carbon storage for multiple vegetation types in
China, including grass, farm and forest, and obtained a
total value of around 13.33 Pg C. Clearly the estimation
of carbon storage varies greatly between different
studies.
The above studies provide theoretical and
methodological references for estimating China’s
vegetation carbon storage, but they all reduce the spatial
dimensionality reduction to estimate carbon storage in a
two-dimensional plane space, ignoring the spatial
heterogeneity caused by terrain fluctuations in threedimensional space (Peng et al., 2016; He et al., 2018;
Yuan et al., 2018). This has meant that projected area,
rather than land surface area, has been used to estimate
carbon storage in terrestrial ecosystems. The former area
measurement simplifies the earth into a standard ellipsoidal projection without considering the variability of
the earth’s surface (Sjöberg, 2006; He et al., 2018).

Terrestrial vegetation grows on top of the earth’s
undulating surface, and topographic conditions affect
vegetation growth and soil organic carbon storage
function, which in turn influence carbon storage
efficiency. The size of the ecosystem area is an
important basic indicator for estimating the total amount
of carbon storage and there are significant differences
depending on whether or not changes in topography are
considered (Bolstad, 2018; Wang et al., 2018; Zhang et
al, 2018). To date, however, no study has applied the
concept of real land surface area to estimate vegetation
carbon storage capacity at a national scale. Land surface area has not been considered in China’s natural
resource surveys in China. To describe the current
situation of China’s vegetation resources, for example,
the government carried out eight national forest resources inventories and only estimated the projected
area of different vegetation types based on remote
sensing imagery and field surveys. Indeed, there are
differences between true land surface area and projected area, which may be less obvious in plains or
where the terrain is flat, but become significant in
mountainous regions. In China, more than two-thirds
of the terrain is mountainous, which can cause striking
differences between results based on ellipsoidal or
surface area measurements. Therefore, it is of great
significance to accurately assess the carbon storage of
vegetation in China using a method that more realistically represents the land surface area.
To accurately obtain land surface area for different
vegetation types, a relatively accurate surface model,
i.e., digital elevation model (DEM), and high-precision
land use coverage data are needed. Due to earlier restrictions on the ability to obtain regional DEMs and
land cover data, or constraints on computational power,
it was almost impossible to compute large-scale land
surface area. In recent years, high resolution DEMs and
land cover data have been published periodically across
large spatial scales, such as the Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global
Digital Elevation Model (ASTER GDEM) issued by
NASA (Tachikawa et al., 2011) and the 30 m resolution
National Land-Use/Cover Database of China (NLUD-C)
released by the Chinese Academy of Sciences (Lai et al.,
2016). High precision DEMs provide basic data support
for very precise calculations of land surface area, which
can be combined with surface coverage data to accu-

HE Qingsong et al. Re-assessing Vegetation Carbon Storage and Emissions from Land Use Change in China…

rately evaluate the ‘true’ a vegetated area. In addition,
with the rapid development of efficient computing environments such as multi-core CPUs, MIC core devices,
GPGPU chips etc., more data and computationally intensive tasks are possible.
In summary, to fill the gap of the current use of
ellipsoidal area to estimate the carbon storage shortage,
we will re-reassess the carbon storage of China’s
terrestrial vegetation using the land surface area method
and calculate carbon emissions due to land use change
from 2000 to 2015. The research goal of this paper is to
use land surface area for evaluating carbon storage as an
example and attract the interest of the academic
community in the selection of area measurement
methods, especially for natural resource surveys, and to
emphasize land surface area applications.

2

Materials and Methods

2.1 Study area
In this paper, China is used as a research area. However,
due to data acquisition restrictions, Macao, Hong Kong
and Taiwan of China is not included in the study area.
China is a country dominated by mountains and hills.
With more than 2/3 of the terrain is mountainous. Although the mountainous area is large, which brings certain difficulties to transportation and agricultural development, the mountainous area can provide abundant
forest products, grassland and other places to form rich
carbon reserves. Therefore, China’s topographical conditions determine the estimation of carbon storage using
land surface area to be closer to the actual situation.
2.2 Data sources
2.2.1 DEM and land use
In this paper, the ASTER GDEM V2 developed by Japan’s Ministry of Economics, Trade, and Industry
(METI) and NASA for free distribution was used as
DEM data. ASTER GDEM is produced using Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data. It is currently the only highresolution elevation data that covers the global land surface. In 2009, ASTER GDEM V1 was released and has
since been used worldwide for global earth observations
and research. However, raw data from the ASTER
GDEM V1 product collected incorrect values in certain
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areas and required post-processing correction. ASTER
GDEM V2 uses an advanced algorithm to improve the
defect in V1 and also has superior coverage and detection over water bodies. Like ASTER GDEM V1, V2 is
in GeoTIFF format and has the same gridding and tile
structure, with 30-m resolution and 1°× 1° tiles. NASA
in the U.S. and Japan inspected the accuracy of ASTER
GDEM V2 data and found that it corrects the errors associated with V1. The ASTER GDEM V2 global digital
elevation data was released in 2015.
Vegetation classification data used in this study were
from the NLUD-C of the Chinese Academy of Sciences,
corresponding to two years (2000 and 2015) with a
30-m resolution. Visual interpretation, field surveys, and
significant auxiliary information were used during data
collection and updates to improve classification accuracy to 90%. NLUD-C uses the Chinese Academy of
Sciences classification system, which in contrast to the
Land Cover Classification System (LCCS) (Di, 2005)
adopts a hierarchical classification with 25 land cover
types in six categories. Based on the NLUD-C classification system and the vegetation types selected by Fang
et al. (2007) and Li et al. (2004), we selected two vegetation categories for this study: forest and grass. The
vegetation distribution of China in 2000 and 2015 is
shown in Fig. 1.
2.2.2 Carbon density estimation
In this paper, we calculated total carbon storage using a
biomass carbon density map. Carbon density is recommended by the International Biosphere Program (IBP)
for the evaluation of forest biomass carbon in IGBP,
which contains carbon stored in above- and belowground vegetation. According to continental regions,
ecofloristic zones, and forest age, global land cover data
is stratified into 124 carbon zones or regions. IPCCrecommended carbon storage values (available at http://
cdiac.ess-dive.lbl.gov/epubs/ndp/global_carbon/tables.ht
ml) are set for each zone and assigned to each kilometer
grid space (for more details, refer to the data website at
http://cdiac.ess-dive.lbl.gov/epubs/ndp/global_carbon/
carbon_documentation). The GBCP adequately reflects
the spatial heterogeneity of vegetation bio- carbon
distribution. China’s carbon density map shown in Fig. 2
has been clipped and extracted using a vector file of
China’s administrative regions.
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Fig. 1 Spatial distribution of China’s vegetation in 2000 and 2015. No data in Hong Kong, Macao and Taiwan of China

2.3 Methods
2.3.1 Land surface area calculation
We created a triangulation network on the DEM for numerical simulation and approximation of the true land
surface, and then summed the spatial triangulation area
to acquire the land surface area of the earth (Jenness,
2004). The triangulation area was calculated using
Heron’s formula. Because the triangle units must be in
meters, the ASTER GDEM coordinates were first transformed from a geographic coordinate system to a rectangular coordinate system and the conversion parame-

ters can be found in the definition of the respective earth
reference ellipsoid. Eight special triangles were established using four adjacent grid pixels. Fig. 3m shows
that P1, P2, P3, and P4 are the center points of the four
adjacent grid pixels, while P5, P6, P7, P8, and P9 are the
interpolation points, and the elevation of P9 was calculated using the average elevations of P1, P2, P3, and P4.
The elevations of P6, P7, and P8 were calculated based
on the average elevation of the adjacent two points; for
example, the interpolation value of point P5 was the
average elevation of P1 and P2. Formula (1) describes

Fig. 2 Vegetation biomass carbon density map of China in 2000. No data in Hong Kong, Macao and Taiwan of China
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sink, despite the fact that most instances of land use
change increase the total amount of CO2 to the atmosphere, such as the conversion of forestland to pasture or
cultivated land. In this paper, changes in vegetation
biomass carbon storage after land use change were obtained using the following equation (Lai et al., 2016):





C    CDnew _ n  CDorginal _ n  An 
n

(4)

where C is the change in carbon storage caused by
land use change, CDnew _ n represents the carbon density
Fig. 3

of the new land use type after land use conversion,
CDorginal _ n is the carbon density of the original land use

Illustration of triangle network diagram

the calculation of the spatial triangulation area (Heron’s
formula):

S

p ( p  a )( p  b)( p  c)

(1)

where p = (a+b+c)/2. a, b, c are the three side lengths of
a triangle. The side lengths can be calculated using
Formula (2):
lij  ( xi  x j ) 2  ( yi  y j )2  ( zi  z j )2

(2)

where lij is the length between point i and point j. x, y, z
is the value of x coordinate, y coordinate and z coordinate.
After calculating the area of each triangle, all the area
values were summed and the result was written to the
land surface area grid. For example, Fig. 3n shows the
sum of the area for triangles a, b c, d, e, f, g, and h in the
new raster.
After obtaining the surface grids, they were combined
with land use overlays to obtain the land surface area of
each land use type, and the following formula was used
to calculate carbon storage.
CSC   SAi  CDi

(3)

m

where CSC is carbon storage, CDi and SAi represents the
carbon density of the m-th vegetation type.
2.3.2 Calculating carbon storage change due to land
use change
Land use change attributed to human activities is one of
the main reasons for the increase in global atmospheric
CO2 concentrations. Its impact on carbon emissions is
second only to fossil fuels combustion (Zhang et al.,
2017). Land use change is both a carbon source and

type before conversion, and An is the area of converted land. In the above formula, whether a land use
transformation is carbon source or sink mainly depends
on carbon density before and after conversion.
Given that only a biocarbon density map for 2000
was available, carbon density changed after land use
was altered. This made determining the carbon density
after 2000 a challenge. We adopted a simple processing
method based on the First Law of Geography: ‘all attribute values on a geographic surface are related to
each other, but closer values are more strictly related
than are more distant ones’ (Tobler, 1970). The carbon
density of a new land area after conversion was replaced
by the average carbon density of the adjacent land area
of the same land cover type. As illustrated by Fig. 4,
when land use changed from type A to B (such as the
central grid in Fig. 4), the grid center was used as the
original point for a buffer ring. The radius of the inner
ring was the closest distance from the center grid to the
nearest grid of the same type (and had not been changed
before). The closest distance was calculated using the
Near tool in ArcGIS 10.2 software. The outer ring radius
extended from the inner ring outward by one pixel
width, and the new carbon density of the converted land
was calculated by the following formula:
CD p 

 CDp _ k
k

Num

(5)

where CDp represents the carbon density of new land
use type p after conversion, CDp_k is the carbon density
of the k-th grid of land use type p within the buffer, and
Num is the number of grids of land use type p within the
buffer.
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Fig. 4 Illustration of the calculation of the new land type carbon
density after land conversion. Illustrations see section 2.3.2

3

Results

3.1 China’s land surface area
The nationwide distribution of land surface area at a 30
m grid resolution is shown as Fig. 5. Results show that
the total land surface area in China is 1.04 × 107 km2,
about 8.20 × 105 km2 more than the planar area.
A comparison of the two area calculations for different vegetation types in China is shown as Table 1. The
difference in terrestrial vegetation area was greater than
5.00 × 107 ha and the relative error was between
10.08%–10.73%. Forest land use had a larger relative
error than that of grassland, which was correlated with
the topography of different vegetation types in China.

3.2 Carbon storage estimation using different area
measurements
Total vegetation carbon storage in 2000 and 2015 was
calculated using land surface area and ellipsoid area,
and the distribution by province is shown as Fig. 6. On a
national scale, results using land surface area ranged
between 7.506 and 7.620 Pg C, and between 6.814 and
6.944 Pg C for ellipsoid area. The differences between
the estimated results using these two area measurements
for 2000 and 2015 were 0.676 and 0.692 Pg C respectively. The relative error for carbon storage between the
two measurements was about 10%. The provincial administration of China was chosen as the unit for calculating the carbon storage gap between the two measurements. Results showed that the greatest difference
between the two time points occurred in Tibet, exceeding 0.101 Pg C in total error. In other provinces such as
Sichuan, Yunnan, Hunan, and Guangxi the difference
was greater than 4.50 × 107 Mg C. The province with
the largest relative error was Sichuan Province, which
ranged between 21.04% and 21.16% (Fig. 7). Tibet also
had a very high relative error at 17.51% and 19.68%.
Provinces with greater than 10.00% relative error included Yunnan, Guizhou, Hubei, Chongqing, Fujian,
Guizhou, Zhejiang, Gansu, and Shaanxi. There were
large differences between land

Fig. 5 Grid map of land surface area in China at a 30 m grid resolution. No data in Hong Kong, Macao and Taiwan of China
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Table 1 Two area measurement types and statistics for different
vegetation
Year

Ellipsoidal area (108 ha) Surface area (108 ha)
Sum Forest

Grass

Relative error (%)

Sum Forest Grass

Sum Forest Grass

2000 5.31

2.30

3.01

5.88

2.62

3.26

10.73 13.91

8.31

2015 5.06

2.22

2.84

5.57

2.49

3.08

10.08 12.16

8.46

surface area and ellipsoidal area in these provinces, particularly in Tibet and Sichuan where the difference was
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greater than 4.00 × 104 km2, which made up a large proportion of the total provincial area. In these regions, there were
clear differences in vegetation carbon storage estimated by
the two area measurements. In contrast, the relative error of
the two measurements was less than 5.00% in China’s flat
terrain, such as Shanghai, Tianjin, Jiangsu, and Heilongjiang. Regardless of which area measurement was used, the
impacts on the estimated results were not as significant as
in more mountainous terrain.

Fig. 6 Spatial distribution of vegetation carbon storage in 2000 and 2015 using land surface area and ellipsoid area, by province (CSE:
Carbon Storage Estimation; Ratio: The ratio in carbon storage between the two area measurements. Denominator is the carbon storage
estimated using land surface area and denominator is the carbon storage estimated using ellipsoidal area; CSE_EA00: Vegetation carbon
storage in 2000 calculated using ellipsoid area; CSE_SA00: Vegetation carbon storage in 2000 calculated using land surface area;
CSE_EA15: Vegetation carbon storage in 2015 calculated using ellipsoid area; CSE_SA15: Vegetation carbon storage in 2015 calculated using land surface area). No data in Hong Kong, Macao and Taiwan of China

Fig. 7 Relative error of vegetation carbon storage by province in China in 2000 and 2015
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Statistics on the difference in carbon storage between
the two area measurements for different elevation ranges
are shown in Table 2, where the elevation band was selected as the statistical unit. The results show that the
relative errors for the two measurements in 2000 (R2 =
0.99) or 2015 (R2 = 0.99) increased with increasing elevation, showing a strong linear relationship (Fig. 8). In the
plains area (< 200 m), the statistics were extremely close
and the difference is almost negligible. However, a clear
gap was present starting from an elevation of 500 m.
Therefore, it was necessary to use land surface area instead of traditional ellipsoidal area for the estimation of
carbon storage. More than 50.00% of China’s vegetation
was distributed in areas above 1000 m in elevation. The
use of ellipsoidal area greatly underestimated China’s
actual vegetation carbon storage, while the land surface
area estimation method that considered topographic features was closer to the true carbon storage value.

that some areas have undergone administrative division
adjustments later, they may not be consistent with the
current divisions). The total Moran’s I index (Moran,
1948) was 0.35, which indicates that the difference in
the results obtained by the two methods had a positive
correlation in space: where the difference was large, the
surrounding area tended to also be very different, and
where the difference was small this extended to the areas around it. Four clusters, i.e., High-High, Low-High,
Low-Low, and High-Low were detected and shown in
Fig. 9. It can be seen that counties in the HH cluster accounted for about one-tenth of the country, mainly in
Daxinganling, northeast of the Qinghai-Tibet Plateau,
southern Yunnan, and western Hubei, which was also
consistent with the spatial distribution of forests in
China. However, there were two types of HH clusters:
1) the mountainous areas created a large difference between the forest surface and projected area values, such
as in the southwest Qinghai-Tibet Plateau, western Hubei,
southern Yunnan, and other regions. Due to the large
surface fluctuation, the ratio of forested area to total forested area in the province calculated by the two methods
was very high; and 2) some of the non-mountainous

3.3 Spatial distribution of carbon storage
To better spatially display the differences in carbon
storage obtained from the two area measurements, the
estimated gap was mapped at the county scale
(County-level zoning in 2000 was used. Considering

Table 2 Difference in carbon storage between the two area measurements at different elevation ranges
2000

Elevation Range (m)

Ellipsoidal area (Pg C) Surface area (Pg C)

2015
Relative error (%)

Ellipsoidal area (Pg C)

Surface area (Pg C)

Relative error (%)

<200

0.809

0.818

1.12

0.779

0.790

1.39

200–500

1.321

1.385

4.89

1.291

1.358

5.21

500–1000

1.394

1.519

8.99

1.330

1.458

9.63

1000–2000

1.666

1.839

10.36

1.669

1.854

11.06

2000–3000

0.875

1.013

15.69

0.875

1.007

15.07

>=3000

0.879

1.045

18.97

0.870

1.040

19.48

Fig. 8 The fitting results of the relative error of carbon storage obtained from land surface area (a) and ellipsoidal area (b) with the
change of elevation. 1: <200 m; 2: 200–500 m; 3: 500–1000 m; 4: 1000–2000 m; 5: 2000–3000 m; 6: >= 3000 m
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Fig. 9 Spatial clustering characteristics of the differences in carbon storage obtained from land surface area and ellipsoidal area at
county-level of China in 2015. No data in Hong Kong, Macao and Taiwan of China

high-value clusters, such as Daxinganling region in the
northeast, did not have significantly different carbon
storage values between the two area calculation methods. However, the large amount of forest cover created
large carbon storage results compared to other mountainous, forested areas. The HH clusters generated most
of the difference in forest carbon storage based on projected area and land surface area. In choosing between
these area calculation methods, one should not blindly
use the ellipsoidal area, but rather choose the method
based on the needs of the study and use actual land surface area if possible to avoid introducing errors or
drawing incorrect conclusions. Compared with the HH
clusters, the LL clusters covered more than one-third of
the whole country and were widely distributed across
Inner Mongolia, the Northeast Plain, western Sichuan
Basin, the North China Plain, and the Tarim Basin in
Xinjiang. Unlike the high level of overlap between HH
clustering and forest distribution, LL exhibited more
spatial heterogeneity. Sichuan Basin is also an important
forested area in China, for example. However, due to
lower elevations in the western part of the basin, the soil
is fertile with abundant water and forms the largest plain
in southwest China, which resulted in a small difference
between the two area calculations. Inner Mongolia and

the Tarim Basin are dry and have very low forest cover,
with low carbon storage as a result. The North China
Plain and the Northeast Plain are the main grain producing areas in China. The proportion of forest is low
and the terrain is flat. Here, the difference in area calculation methodologies was not prominent.
3.4 Carbon emissions due to land use change
We mapped land use conversions in China between
2000 and 2015 and created a land use transition matrix
(Table 3). Land use in China underwent dramatic
changes from 2000 to 2015. Approximately 14.8% of
the land area was converted, which generated approximately 0.114 Pg C. The most important vegetation type
(forest) decreased in area from 2.63 × 106 km2 in 2000
to 2.50 × 106 km2 in 2015. Grassland area was reduced
from 3.26 × 106 to 3.09 × 106 km2. The conversion of
forestland to grassland was the greatest cause of forest
loss, which resulted in a reduction of 1.20 × 105 km2.
Although forest was converted to grassland, large quantities of grassland were also converted to other land use
types. In particular, grassland converted to unused land
covered 3.39 × 105 km2, which was the largest conversion
out of grassland. We used land surface area measurements to calculate the change in carbon emissions re-
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lated to vegetation type (Fig. 10). The results indicate
that the total amount of biomass carbon storage decreased by 0.942 and 0.111 Pg C due to the conversion
of forestland and grassland, respectively. Meanwhile,
the transformation from cultivated land, water bodies,
built-up land, or unused land increased biomass carbon
reserves by 0.313, 0.005, 0.001 and 0.258 Pg C, respectively. The conversion of forestland to cultivated land
was the main reason for the increase in carbon emissions. Around 0.414 Pg C was released during the conversion process, which reflected the human impact on
the environment. The conversion of forestland to
built-up land generated approximately 0.139 Pg C. Although the area of built-up land in China rapidly expanded from 1.70 × 105 to 3.03 × 105 km2 over the stud
period, it mainly relied on the occupation of cultivated
land (65.49%), and forestland conversion accounted for
only 25.33% of the new built-up land. Cities are generally built on flat surfaces, whereas China’s vegetation,
especially forests, is mainly located in high-elevation
areas. Therefore, carbon emissions resulting from the
conversion of forestland to built-up land were lower
than emissions generated by the conversion of forest
land to cultivated land. Moreover, some land conversions increased local carbon storage, especially the implementation of China’s policy to return farmland to
forests. For instance, arable lands were converted to
forest in the western part of China, and environmental
restoration projects like afforestation have been implemented in the undeveloped deserts of northwestern
China. These efforts have resulted in positive vegetation
changes in these areas. Throughout the country, the
conversion of cultivated land to forest land and the conversion of unused land to forest land increased carbon
storage by approximately 0.289 and 0.236 Pg C, respectively.
Table 3 Land use transfer matrix for China from 2000–2015
(104 km2)
Land use
type

Cropland Forestland Grassland

Water

Built-up
land

Unused
land

Cropland

172.00

4.57

4.18

1.60

8.71

0.90

Forestland

10.00

230.00

12.00

0.60

3.37

6.80

Grassland

7.91

12.20

267

4.16

1.30

33.90

Water

1.24

0.48

1.95

21.50

0.44

4.27

Built-up land

0.35

0.07

0.19

0.39

15.90

0.08

Unused land

3.07

2.25

23.3

2.89

0.55

182

Fig. 10 Carbon emissions resulting from forestland and grassland conversion

4

Discussion

4.1 Comparison of area size used in the existing
researches
Spatial area is the basic quantitative index for evaluating
vegetation carbon storage and its accuracy is directly
related to the credibility of the assessment results.
However, area as a variable has received little attention in previous studies. Research has focused on building a relationship model between vegetation volume and
biomass under different vegetation types to obtain a
more scientific value of vegetation carbon density
(Dixon et al., 1994), while neglecting area accuracy
(even the ellipsoidal area). In fact, scholars have generated very similar estimates of the average carbon density
of forest, which is the main type of vegetation. Although
the estimation of the average carbon density of grass is
quite different, carbon storage of grass only accounts for
about 20% of the total carbon storage of all vegetation.
And the area measurement selection has far less impact
on the estimation results than that of forest because of
the flat terrain. Therefore, we only discuss the impact of
different area measurements on the forest carbon storage
estimation. The average carbon density of China’s forests, widely referenced in the last 20 years, is between 35
and 45 Mg C/ha, and that difference is much smaller than
the difference between area estimates (Table 4). According to Fang et al. (2007), the estimated forest area in 2010
ranged from 1.17 × 108 to 1.43 × 108 ha, while Lai et al.
(2016) estimated forest area in 2010 at 2.27 × 108 ha. This
almost two-fold difference demonstrates how the final
evaluation results are influenced by choices in area calculations.
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The ellipsoidal approach is used to calculate area
without taking the effects of rugged topography into account. In natural resource surveys, area based on the ellipsoid rather than the surface is often used to evaluate
biological resources, the extent of land resources, and the
value of ecological services. However, there are significant differences between land surface area and ellipsoidal
area in mountainous and hilly regions due to greater elevation changes along the earth’s surface. Therefore, only
using the ellipsoidal area to represent actual area cannot
meet the needs of resource surveys (land and forestry
surveys, for example) and other practical applications. A
more accurate land surface area measurement should be
used, especially considering that the main forested regions in China are characterized by the mountainous topography in the northeast, such as southwest Sichuan,
northwest Yunnan, southeast Tibet, southeast Guandong,
and the Fujian coast. In this study, the concept of land
surface area was applied to estimate forest carbon storage
capacity at a large spatial scale. The accuracy of the carbon index calculation can be improved by using actual
land surface area as a baseline, which supports the scientific evaluation of ecological function.
4.2 Shortcomings and future work
This study used a more realistic land surface area to
pursue a more accurate estimation of carbon storage,
there were shortcomings and uncertainties that were not
addressed here, the most important one being: does
Table 4

vegetation on slopes fix carbon proportional to its ‘true’
area or its ‘planar’ area? That means that carbon density
may also be affected by the terrain slope. To respond to
the this issue, future research will create a more refined
surface model and evaluate more accurate carbon density: 1) According to the land use classification for
China, land cover can be divided into various subcategories and a corresponding model can be constructed to
optimize the adaptability and resolution of different
geomorphologic division features based on subzone
characteristics. 2) Carbon density was assumed to remain unchanged when land use type did not change between 2000 and 2015. This was not an ideal substitute
for a lack of measured carbon density data from 2015.
Future work will combine remote sensing and actual
measurements, selecting a typical forest sampling area
nationwide to observe and measure, and regularly update the carbon density database to improve the quality
of the estimates.

5

Conclusions

In this paper, we used land surface area to assess the
carbon storage of vegetation ecosystems, an approach
that has significant potential to reduce the estimation
error in mountainous areas that results from using the
ellipsoidal projection area. Three main conclusions
could be provided as follows:

Area size of different vegetation type in this research and the existing researches
Area size in this research

Type
Forest

Grassland

8

Area size in existing researches
8

8

Ellipsoid area (10 ha)

Surface area (10 ha)

Area (10 ha)

Reference

2.22–2.30

2.49–2.62

2.08

SCIO (2014)

2.18

Li et al. (2004)

2.27

Lai et al. (2016)

1.279

Piao et al. (2005)

1.16

Pan et al. (2011)

1.17–1.43

Fang et al. (2007)

1.24–1.43

Piao et al. (2009)

3.314

Fang et al. (2007)

3.42

Yang et al. (2012)

2.63

Li et al. (2004)

3.31

Piao et al. (2009)

2.84–3.01

3.08–3.26

611

612
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(1) The estimation results of vegetation carbon storage in China using land surface area is 7.506 and 7.620
Pg C in 2000 and 2015, 0.676 and 0.692 Pg C higher
than the vegetation carbon storage calculated using the
ellipsoid area, respectively. On a province scale, Tibet
has the greatest difference of carbon storage obtained
from those two area measurements, exceeding 0.101 Pg
C in total error. However, in terms of relative error, Sichuan has the largest ones, which ranged between
21.04% and 21.16%.
(2) Statistics on the difference in carbon storage between the two area measurements for different elevation
ranges shows that the relative errors for the two area
measurements increased with increasing elevation, presenting a strong linear relationship. It indicates that using conventional ellipsoidal areas at high elevation
would greatly underestimate the actual carbon storage.
(3) Dramatic land use changes in China from 2000 to
2015 generated approximately 0.114 Pg C carbon emissions. The conversions of forestland and grassland to
other land use type are the main reasons of the loss of
vegetation carbon storage, resulting in a total amount of
biomass carbon storage decreased by 0.942 and 0.111
Pg C, respectively.
Generally, the estimation of vegetation carbon storage
using land surface area measurement is important to
clarify the actual carbon storage and the effects of land
use change on the storage in the mountainous country,
China, which can help more accurately understand the
status of resources and the environment in the region,
and might influence the carbon estimation methods by
remote senses in the future.
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