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Radiative forcing over China due to albedo change
caused by land cover change during 1990-2010
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Abstract: Land cover change affects surface radiation budget and energy balance by chang-
ing surface albedo and further impacts the regional and global climate. In this article, high
spatial and temporal resolution satellite products were used to analyze the driving mechanism
for surface albedo change caused by land cover change during 1990-2010. In addition, the
annual-scale radiative forcing caused by surface albedo changes in China’s 50 ecological
regions were calculated to reveal the biophysical mechanisms of land cover change affecting
climate change at regional scale. Our results showed that the national land cover changes
were mainly caused by land reclamation, grassland desertification and urbanization in past 20
years, which were almost induced by anthropogenic activities. Grassland and forest area
decreased by 0.60% and 0.11%, respectively. The area of urban and farmland increased by
0.60% and 0.19%, respectively. The mean radiative forcing caused by land cover changes
during 1990-2010 was 0.062 W/m? in China, indicating a warming climate effect. However,
spatial heterogeneity of radiative forcing was huge among different ecological regions.
Farmland conversing to urban construction land, the main type of land cover change for the
urban and suburban agricultural ecological region in Beijing-Tianjin-Tangshan region, caused
an albedo reduction by 0.00456 and a maximum positive radiative forcing of 0.863 W/m?,
which was presented as warming climate effects. Grassland and forest conversing to farm-
land, the main type of land cover change for the temperate humid agricultural and wetland
ecological region in Sanjiang Plain, caused an albedo increase by 0.00152 and a maximum
negative radiative forcing of 0.184 W/m?, implying cooling climate effects.

Keywords: ecological region; land cover change; surface albedo; downward shortwave radiation; surface radia-
tive forcing; China

1 Introduction

Land cover change, which could affect surface climate and environment by changing the
surface biogeochemical and biophysical processes, is crucial on global climate change
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(Claussen et al., 2001; Pielke Sr, 2005). Recently, climate effects due to land cover change
caused surface biogeochemical cycles have received widespread concern and in-depth re-
search (Betts, 2001; Betts et al., 2007; Brovkin et al., 2006). For example, studies have
shown that afforestation could mitigate the effect of climate warming by absorbing CO,. In
contrast, deforestation would exacerbate climate warming because CO, was emitted into
atmosphere (Brovkin et al., 2004; Schimel et al., 2000). However, land cover change would
also bring direct biophysical variety, such as surface albedo, which could bring equivalent or
more significant climate effects by altering the surface radiation budget and energy balance.
This process had gradually been paid much attention (Bala et al., 2006; Lee et al., 2011;
Rotenberg et al., 2010). More and more evidence suggested that surface albedo is one of the
main ways of land cover change affecting climate system in the middle and high latitudes of
the earth. The magnitude of radiative forcing caused by albedo may outweigh the green-
house gas magnitude at local scale, and then affects regional and global climate (Betts,
2001).

Surface radiative forcing, which is used to describe the net radiation energy at the earth
surface after climate factors changing during a certain time scale(e.g. inter-annual scale), is
in unit of W/m?. Surface radiative forcing can be used to measure and compare the contribu-
tion to climate of different factors (e.g. greenhouse gas, acrosol, land cover change) at the
bottom of atmosphere (Andrews et al., 2009). The positive value of surface radiative forcing
means the factor would cause temperature rise. On the contrary, the temperature may de-
crease. According to the IPCC 4th Assessment Report (AR4), since the industrial revolution,
human-caused land use activities such as reclamation and deforestation, have brought radia-
tion forcing of —0.25 W/m’ via an increase surface albedo which tends to cool the global
climate (Solomon et al., 2007). However, radiative forcing caused by land cover change are
highly uncertain because we have inadequate understanding of the land cover change driving
mechanism for surface albedo variety in regional or local scales (Myhre et al., 2003; Pitman
et al., 2009). The variation of surface albedo is determined by land cover change types and
extent, and can produce radiative forcing with varying degrees in different spatial scales.
The global mean radiative forcing not only weakens the contribution of land cover change,
but also covers up the radiative forcing characteristics from various types of land cover
change in different regions. So it is not conducive to land use decisions because the driving
mechanism cannot be revealed well (Mahmood et al., 2010; Pielke Sr et al., 2002). Signifi-
cant regional climate change will also influence larger-scale climate characteristics because
of the atmospheric teleconnections (Pielke Sr et al., 2002; Wu et al., 2007). Therefore, tak-
ing the spatial heterogeneity of land cover types into full consideration and analyzing the
land cover change driving mechanism for surface albedo in regional/local scales, can esti-
mate radiative forcing temporal and spatial patterns quantitatively. Furthermore, it can en-
hance our understanding of the climate effects mechanism of land cover change, and provide
basis for regional and global land use policy decisions in the future (Davin et al., 2007,
Myhre et al., 2005).

Surface albedo, defined as the ratio of surface reflected radiation and incident radiation, is
a dimensionless quantity describing the surface radiation characteristics. Albedo variation
and climate effects are described and analyzed primarily through observation and climate
model simulations. /n situ albedo measurement cannot effectively describe surface albedo
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variation and the climate characteristics in spatial-temporal continual regional/local scales,
because of data scarce, limited spatial scales and other shortcomings (Davidson et al., 2004).
Climate effects simulations driving by land cover change also have significant limitations
due to the uncertainty of albedo estimation models (Liang, 2007). And models generally
carry out scenario simulation by the pre-assumed coarse resolution land cover data, which
does not reflect the true land cover change process (Brovkin et al., 2006), and also not be
able to meet the regional/local scales research needs accurately (Loarie et al., 2011; Meng et
al., 2014). Satellite remote sensing technology can obtain high-resolution spatial and tem-
poral continual surface parameters information, and can also reflect the true history land
cover change. At present, the satellite products have become the main data sources and
techniques for surface characteristics inversion, geographic regularity analysis, and climate
change research in regional and global scales (Asner et al., 2010; Zhao et al., 2010).

China has complex topography and climate characteristics, which has produced a variety
of ecosystem types. Since the 1990s, with the development of society and economy, land use
intensification and land cover change became more and more noticeable and have significant
spatial distribution pattern, especially the urbanization in the eastern cities of China, land
reclamation in northeast China and northern Xinjiang province, and returning farmland to
forest engineering in the Loess Plateau (Cao et al., 2009; Liu ef al., 2005a). Some studies
based on site observations and climate models indicate that land cover types had significant
effects on the air temperature (Li et al., 2006; Yang et al., 2009), but did not reveal the bio-
physical mechanisms of these effects. Different types of land cover change could produce
different magnitude of radiative forcing; even the same land cover change type may cause
diverse radiative forcing in different spatial regions (Barnes et al., 2008). Here, land cover
and surface albedo data from remote sensing, and reanalysis radiation data were used to
quantitatively calculate the radiative forcing caused by land cover change in 50 research
units, ecological regions of China. The purpose of this study was to study the spa-
tial-temporal patterns and influence processes of land cover change on surface albedo and
radiative forcing, and then revealed the biophysical driving mechanisms of land cover
change on climate in regional/local scales.

2 Data and methods
2.1 Study area and ecological regions

In order to fully consider the impact of natural geographical divisions and human activities,
the terrestrial China was chosen as the study area which was divided into 50 ecological re-
gions (Table 1) according to Database for ecosystems and ecosystem services zoning in
China (http://www.ecosystem.csdb.cn/). Then the surface radiative forcing due to albedo
change caused by land cover change from 1990 to 2010 for 50 ecological regions was esti-
mated separately.

2.2 Land cover data

Historical land cover transition datasets were produced by human-machine interaction inter-
pretations from Landsat-TM/ETM+ images with the Arc/Info platform. One kilometer reso-
lution raster proportion datasets of land use/land cover types were processed in 1990 and
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Table 1 Serial numbers and names of 50 ecological regions in China

No. Ecological regions No. Ecological regions
1 The deciduous coniferous forest ecological 2 The hilly evergreen broad-leaved forest ecological
region in Northern Greater Khingan Range region in Nanling Mountains
5 The coniferous and broad-leaved mixed forest 27 The evergreen broad-leaved forest ecological region
ecological region in Lesser Khingan Range in northern Taiwan
The temperate agricultural and wetland eco- Thg hll.ly evergreen broad-leaved forest ecological
3 looi R .. . 28 region in central Yunnan, Guangxi and Guangdong
ogical region in Sanjiang Plain . . .
province, and southern Fujian province
The mixed coniferous and broad-leaved forest . .
. L A The urban and suburban agricultural ecological re-
4 ecological region in Changbai-Qianshan 29 P .
. gion in Pearl River Delta
mountains
5 The agricultural ecological region in eastern 30 The tropical monsoon forest and rainforest ecological
part of Northeast China Plain region in southern Taiwan
. Lo The tropical monsoon forest and rainforest ecological
6 The meadow steppe ecological region in 31 region in southern Yunnan, Guangxi and Guangdong
western part of Northeast China Plain . ’
province
The deciduous forest and forest steppe eco- . . . .
. . The tropical agricultural ecological region around
7 logical region in central and southern parts of 32 .
. Hainan Island
Greater Khingan Range
The hilly deciduous broad-leaved forest eco- L
. A Lo The mountain rainforest and monsoon forest eco-
8 logical region in eastern Liaoning and Shan- 33 . Lo . .
d . logical region in central Hainan province
ong province
The urban and suburban agricultural ecologi- The typical steppe ecological region in central and
9 o .8 > 34 -
cal region in Beijing-Tianjin-Tangshan region eastern Inner Mongolia Plateau
10 The deciduous forest ecological region in 35 The desert steppe ecological region in central Inner
Yanshan-Taihang Mountain Mongolia Plateau and central Gansu province
11 The agricultural ecological region in 36 The steppe desert ecological region in central Inner
Fenhe-Weihe River Basin Mongolia Plateau
2 The agricultural and steppe ecological region 37 The mountain desert ecological region in western
on Loess Plateau Inner Mongolia Plateau and Beishan Mountain
13 The agricultural ecological region in North 38 The mountain forest and grassland ecological region
China Plain in Altai Mountains and eastern Junggar
The hilly evergreen broad-leaved forest eco- . - .
14 . LS . . 39 The desert ecological region in Junggar Basin
logical region in Huaiyang region
The deciduous and evergreen broad-leaved . . ..
. LS The mountain forest and steppe ecological region in
15  forest ecological region in Qinling-Daba 40 . -
; Tianshan Mountains
Mountains
The urban and suburban agricultural ecologi- The desert ecological region in Tarim Basin and
16 L . 41 .
cal region in the Yangtze River Delta eastern Xinjiang
17 The agricultural ecological region in middle 0 The forest and alpine grassland ecological region in
and lower reaches of the Yangtze River Basin Qilian Mountain
18 "el"rl:;;ercologlcal region of Three Gorges Res- 43 The desert ecological region in Qaidam Basin
The agroforestry ecological region in Sichuan The alpine desert steppe ecological region in Pa-
19 . 44 . .
Basin mir-Kunlun-Altun Mountains
The evergreen broad-leaved forest ecological The alpine meadow steppe ecological region in
20 D . . 45 P . .
region in Tianmu-Huaiyu Mountains River’s Source Region and southern Gansu province
The hilly evergreen broad-leaved forest eco- The alpine desert steppe ecological region on north-
21 . LS .. . . 46 .
logical region in Zhejiang and Fujian province ern Tibet Plateau
The hilly evergreen broad-leaved forest eco- The temperate arid mountain desert ecological region
22 . L2 . . . 47 . . .
logical region in Hunan and Jiangxi province in Ali Mountains
23 The evergreen broad-leaved forest ecological 48 The cold temperate coniferous forest ecological re-
region in Wuling-Xuefeng Mountains gion in eastern Tibet and western Sichuan province
The karst evergreen broad-leaved forest eco- The mountain alpine meadow steppe ecological re-
24 . AN ; . 49 - .
logical region in Central Guizhou province gion in southern Tibet
Th? evergreen broad—lea\./ed forest ec.ologlcal The rainforest and monsoon forest ecological region
25  region in southwestern Sichuan province, 50

northern and central Yunnan province

in southeastern Tibet
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2010 (Liu et al., 2005b; Liu et al., 2014). Considering the albedo values of typical land
cover types (Gao et al., 2005; Jin et al., 2002), two secondary categories (swampland and
permanent snow and ice) were singled out from the unused land and water body. Finally, 8
categories consists of cropland, forestland, grassland, water bodies, built-up land, bare land,
swampland, permanent snow and ice were used for calculation and analysis. Figure 1 shows
the spatial pattern of land cover for terrestrial China in 2010.

70°E 80°E 90°E 100°E 110°E 120°E 130°E 140°E
' ' ' ' ' ' ' 0 50°N
40°N
- 40°N
30°N
-1 30°N
Land cover types
B Cropland
Il Woodland
20°N =9 Grassland
Water body .
I Permanent snow and ice 20°N
B Built-up land
[ Bare land
Swampland

I I
80°E 90°E 100°E

Figure 1 Land cover map of China in 2010

2.3 Surface albedo data and calculation method

Surface albedo data were provided by Moderate Resolution Imaging Spectroradiometer
(MODIS) Collection 5 BRDF/Albedo 16-day 1000 m product, which were available every 8
days and contained MCD43B3 (v005) and MCD43B2 (v005) datasets (https://lpdaac.
usgs.gov/). The MODIS surface albedo product had been evaluated globally and the accu-
racy of product could meet the needs of climate change spatial-temporal analysis (Liang et
al., 2003; Sumner ef al., 2011; Wang et al., 2004). The albedo quality assessment (QA) flags
from MCD43B2 were used for quality control. Only “full BRDF inversion” pixels (QA=0
processed, good quality) were used from the “BRDF_Albedo Quality” dataset (Schaaf et al.,
2002). Also the “Snow_BRDF_Albedo” dataset were included to identify and exclude snow
albedo retrievals. Following this quality control, the 8-day white sky shortwave (0.3—-5.0 um)
snow-free albedo during 2009-2011 were averaged month by month, then mean monthly
surface albedo for each ecological region was composed as follows:
8

aeco,month, year ZZ (B Jeco,year
i=1

ai,eco,mom‘h ) ( 1)
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where « is the mean monthly albedo for each ecological region. For each land

eco,month,year

cover type i (i=1,2,3,...,8), is the land cover type area proportion. To ensure

£ ceo year
that each albedo pixel represented a single land cove type and enhance the robustness of the
results, for the land cover data in 2010, only the pixels whose area proportion greater than
90% were extracted as the pure raster. Then the land cover pure raster of each ecological

region could be obtained. «;,

i,eco,mont,

, 18 the mean monthly white sky shortwave snow-free

albedo in each ecological region for land cover type i.

The surface albedo change over China from 1990 to 2010 could be estimated as:
50 12 50 12

Z Z aeco,month,ZOlO z Z aeco,month,l990
Aa i — eco=1 month=1 __ eco=1 month=1 (2)
199072010 12x50 12x50
The snow-free albedo of 8 land cover types is estimated as:
50 12
Z Z ai,eco,month
— eco=l month=1
ai,coum‘ry - 12 x 50 (3)
where «, is the surface albedo of land cover type .

icountry

2.4 Surface solar radiation downward (SSRD) data

Surface solar radiation downward (SSRD) were provided by the European Center for Me-
dium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis dataset, which had been
interpolated on to a regular 0.75°x0.75° and were quality controlled carefully (Dee et al.,
2011). Data from January 1990 to December 2010 were used to derive mean monthly SSRD

for each ecological region. The equation is given below:
21

1—¢
eco,month,year

T _ year=l (4)

eco,month — 21

where 1, v

cco.month,year 15 Mean monthly SSRD in each ecological region from 1990 to 2010.
Then mean SSRD in each ecological region could be averaged from 12 monthly values

as:
12

Ti
eco,month

7 month=1
IGC() = t— (5)
12
2.5 Radiative forcing calculation
Monthly radiative forcing in each ecological region from 1990 to 2010 is calculated as:

AF -7

eco,month ~— eco,month ’ (aeco,month,ZOIO - aeco,month,l990) (6)

where Teio,momh is the mean monthly SSRD derived from 1990 to 2010 in each ecological

region.
The mean annual radiative forcing for each ecological region could be averaged by the 12
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monthly values. The equation is shown below:

12
Z AF'eco,manth
_ month=1
AP;‘co -
12

3 Results
3.1 Land cover changes in ecological regions from 1990 to 2010

From 1990 to 2010, the dominant
1990-2010 (10* km?)

land cover changes were the in-

(7

Table 2 Area and net area change of 8 land cover types during

creased built-up land (0.60%) and  {and covertype Area (1990) (ZA(;TS) grgegaocg%ﬁ%i
cropland area (0.19%), and the de- P 058 1240 s
roplan . . .

creased grassland (—0.60%) and P

dland (L0.11%) (Table 2) Woodland 227.91 227.05 —0.85
woo al;l area (=0.1170 able 2). Grassland 288.55 283.23 -5.32
The main area cha.nges of le'lnd covers Water body 2117 21.60 0.51
in each ecological region were Built-up land 17.25 2277 552
showed in Figure 2, which indicated Bare land 200.96 200.69 ~0.27
that land cover change had obvious

_ 8¢ ’ Perma“de’.“ 4.69 467 ~0.02
spatialtemporal variation. The in- ~ snowandice

Swampland 12.76 11.87 ~0.89

creased cropland mainly occurred in

the Sanjiang Plain, Northeast China Plain, and mountain forest and grassland areas in north-
ern Xinjiang. Therefore, the decreased forest and grassland were mainly found in Northeast

70°E 80°E 90°E 100E 110°E  120°E 130°E 140°E
T T T T T T 1] SOQN
40°N -
= 40°N
30°N
= 30°N
Area change (%)
0.1-3.0
3.1-6.0
6.1-9.0
20°N mm9.1-12.0 o
= 12.1-15.0 T 20°N
mm 15.1-18.0
mm 18.1-21.0
21.1-24.0 \ 1
80°E 90°E 100°E 110°E 120°E

Figure 2 Main land cover area changes in 50 ecological regions of China during 1990-2010
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China and northern Xinjiang due to land reclamation. In the arid and semi-arid region of
Inner Mongolia, forest and grassland decreased significantly owing to desertification. In-
creased built-up land was mainly distributed in rapidly urbanized region, such as Pearl River
Delta region, Beijing-Tianjin-Tangshan region, and middle and lower reaches of the Yangtze
River Basin and Sichuan Basin. It was mainly from occupation of cropland.

3.2 Surface albedo change in ecological regions from 1990 to 2010

The mean and standard deviation values of snow-free surface albedo for the 8 land cover
types were calculated by equation (3) (Figure 3). The figure shows that it was necessary to
single out the permanent snow, ice and swampland from their top categories because their
albedo values were very different with

030 0.236
0200 the values of water body and bare land.
25 .
0 The surface albedo values of 8 land
o 0201 0,146 0-152 0163 + cover types were consistent with pre-
B 0.15. 0,080 0.129 0.131 vious results (Barnes et al., 2008;
< 0.10 ' Myhre et al., 2005).
Net surface albedo change caused
0.051 by land cover changes in 50 ecological
0.00 regions was illustrated in Figure 4. The
&S S S lbedo d 0.00456
& «&@ & S @Q\ &\ < argest albedo decrease (—0. )
& & ¢ S occurred in the urban and suburban
9) -QQ . . . . .
T agricultural ecological region in Bei-
A‘b' . . .
Figure 3 The mean value and STD of surface albedo for 8 jing-Tianjin-Tangshan, whereas the
land cover types in China largest albedo increase (0.00152) was

in the temperate agricultural and wet-
land ecological region in Sanjiang Plain. Surface albedo change (Figure 4) was not entirely
consistent with the area change of land cover (Figure 2) in ecological regions, and the cor-
relation coefficient was only 0.263. This was because the albedo variety was mainly related
to land cover transform pattern. Overall, surface albedo decreased by 0.00042 on average
between 1990 and 2010 for terrestrial China.

3.3 Radiative forcing in ecological regions from 1990 to 2010

Figure 5 illustrates the radiative forcing of ecological regions from 1990 to 2010. The radia-
tive forcing were ranged from —0.184 W/m’ in temperate agricultural and wetland ecological
region in Sanjiang Plain to 0.863 W/m” in urban and suburban agricultural ecological region
in Beijing-Tianjin-Tangshan region. In the 50 ecological regions, the variation of radiative
forcing was consistent with surface albedo change, and the correlation coefficient was 0.987.
High radiative forcing regions were distributed in northeastern China, northern Xinjiang,
Sichuan Basin, Beijing-Tianjin-Tangshan region, middle and lower reaches of the Yangtze
River basin and Pearl River Delta. Although this geographic distribution of radiative forcing
was similar with the land cover change distribution (Figure 2), weak correlation of 0.273
was observed among them. As a whole, 12 ecological regions showed negative forcing and
38 regions showed positive forcing values. The mean radiative forcing was 0.062 W/m? for
terrestrial China that indicated a warming effect.
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Figure 4 The surface albedo changes of ecological regions due to land cover changes in China during
1990-2010
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Figure 5 The radiative forcing due to land cover changes for each ecological region during 1990-2010
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Table 3 summarizes the ecological regions with the highest positive and negative radiative
forcings, SSRD and surface albedo change, and its main land cover change types (the
maximum conversion area). The land cover change type with the highest positive radiative
forcing was mainly transferred from cropland to built-up land. The highest negative radia-
tive forcing occurred mainly in regions with transformations from woodland and grassland
to other land cover types (e.g. cropland, bare land). It was worth noting that the ecological
regions with the largest area of land cover change, like the deciduous forests and forests
steppe ecological region in central and southern parts of Greater Khingan Range, did not
have the highest radiative forcing values. The orders of land cover area changes and radia-
tive forcings were not consistent (Figures 2 and 5). Therefore, local land cover change types
were the main factors for spatial variations of radiative forcing.

Table 3 The highest 5 annual positive/negative radiative forcing ecological region’s downward surface short-
wave radiation, surface albedo change and main land-cover change types during 1990-2010

Radiative Mean annul Mean annul

. . . monthly monthly Main land
Ecological region (No.) (f(\);/(/:rlrr:z% SSRD albedo cover change
(W/m?) change

The urban and suburban agricultural ecological region Cropland to

in Beijing-Tianjin-Tangshan region(9) 0-863 183.9 ~0.00465 built-up land

The urban and suburban agricultural ecological region Cropland to

in the Yangtze River Delta (16) 0.459 181.9 ~0.00249 built-up land

The deciduous forest and forest steppe ecological

region in central and southern parts of Greater Khin- 0.449 170.8 —0.00256 Woodland and
grassland to cropland

gan Range (7)

Thej hll!y dec1duou§ brqad—leaved forest ecologlcal 0245 188.1 0.00129 Grassland to built-up

region in eastern Liaoning and Shandong provinces (8) land

The agricultural ecological region in North China Cropland to

Plain (13) 0.243 185.4 ~0.00131 built-up land

Thg ten.lperat"e- agrlcult‘ural and wetland ecological 0,184 148.2 0.00152 Woodland and

region in Sanjiang Plain (3) grassland to cropland

The deciduous coniferous forest ecological region in Woodland to grass-

Northern Greater Khingan Range (1) —0.172 143.3 0.00121 land

The coniferous and broad-leaved mixed forest eco- Woodland and

logical region in Lesser Khingan Range (2) ~0.102 1437 0.00093 grassland to cropland

The mixed coniferous and broad-leaved forest eco- Woodland to

logical region in Changbai-Qianshan mountains (4) —0.025 156.5 0.00021 cropland

The steppe desert ecological region in central Inner Grassland to bare

Mongolia Plateau (36) —0.023 210.8 0.00008 land

4 Discussion
4.1 Effects of spatial scale on the radiative forcing estimation

Between 1990 and 2010, main land use activities were land reclamation and intense urbani-
zation across China (Liu et al., 2005a, 2005b). The vast majority of increased built-up land
was transferred from cropland (Liu et al., 2005b). During the past 20 years, land use activi-
ties accounted for almost all of the land cover changes owing to the rapid social and eco-
nomic development in China. The reason for surface albedo variation is the difference in
land cover types (Pitman et al., 2009). Spatial heterogeneity of radiative forcing due to al-
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bedo changes can be shown at ecological region scale, but is masked at national average
scale (Barnes et al., 2008). Our results indicated that analysis in ecological regions could
better reflect the radiative forcing characteristics than national large scale analysis, and the
land cover driving mechanism could be revealed expediently. However, there are some other
complex land cover transitions in an ecological region, such as fire, flood, hurricane and
other local scale changes which may play dominant roles in surface energy budget and cli-
mate characteristics (Liu et al., 2008; Loarie et al., 2011; O’Halloran et al., 2012). As a re-
sult, the higher resolution land cover changes are needed to capture the climate effects in
forthcoming study.

4.2 Snow effect on radiative forcing estimation

Generally, snow has significantly higher albedo value than other land cover types (Figure 3).
Snow not only affects the seasonal radiative forcing variation, but also can amplify the ra-
diative forcing due to land cover changes (Jin et al., 2002). Especially in the mid and high
latitude regions, woodland has significant lower albedo value than cropland and grassland
because of the difference in canopy structure, thus deforestation typically increases albedo
and reduces the absorbed radiation of surface. However, when it snows in winter, tree
branches and shadowing may hide the surface snow, but crop and grass may be entirely
covered by snow. This phenomenon can increase the difference of albedo and produce a
cooling effect (Flanner et al., 2011; Lee et al., 2011; Ni-Meister et al., 2011). This article
only considered the snow-free conditions, which may underestimate the radiative forcings
due to land cover changes in northern China.

4.3 Effect of other surface parameters on radiative forcing estimation

Studies of land cover change influencing surface biophysical parameters, especially radia-
tive forcing, are integral parts for comprehensive understanding of human induced climate
effects and the basis of surface energy budget. In addition to the surface albedo, land cover
changes can significantly alter other surface biophysical parameters which could also influ-
ence surface energy balance, such as emissivity, roughness, etc. (Thom et al., 2006; van den
Broeke et al., 2008; Zhai et al., 2013). These parameters could influence the surface long-
wave radiation budget, which operate in day and night. Consequently, a deep understanding
of land cover changes affecting surface energy budget and balance needs comprehensive
research for the radiation characteristics and spatial-temporal patterns of more biophysical
parameters.

5 Conclusions

(1) Based on high spatial-temporal resolution satellite products, China’s radiative forcing
and surface albedo variation mechanisms due to land cover change were estimated. Our re-
sults showed that the main land cover conversion due to reclamation, grassland desertifica-
tion, and urbanization were almost caused by human land use activities. The grassland and
forest decreased by 0.60% and 0.11%, while built-up land and cropland increased by 0.60%
and 0.19% respectively for whole China.

(2) As documented in this essay, we concluded that land cover types had obvious differ-
ences in surface albedo. The sign and magnitude of albedo showed strong spatial heteroge-
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neity. For example, the urban and suburban agricultural ecological region in Bei-
jing-Tianjin-Tangshan region had the largest albedo decrease of 0.00456, while the temper-
ate zone agricultural and wetland ecological region in Sanjiang Plain showed the obvious
albedo increase of 0.00152.

(3) Considering the SSRD dataset, our calculation results showed that the national mean
radiative forcing was 0.062 W/m® during 1990-2010 in China, which meant warming effect.
In ecological region scale, the absolute value of radiative forcing could reach to 0.863 W/m?,
which was more than twice the value (0.25 W/mz) from IPCC since the industrial revolution
in global average. Radiative forcings due to land cover changes had obvious spa-
tial-temporal patterns but were not significantly correlated with the land cover area changes.
Therefore, analysis in regional/local scales could help to reveal that the land cover trans-
forms were the main reason of albedo-induced radiative forcing distribution.
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