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Forests are crucial terrestrial ecosystems. Their leaf area index (LAI) is a key parameter determining the exchange of matter and 
energy between the atmosphere and the ground surface. In this study, MOD 09A1 and MCD 43A1 data were input into an inver-
sion model based on the 4-scale geometric optical model to retrieve 8-d 500 m LAI products in China during the period 2000 to 
2010. The resulting LAI product was validated using LAI measured in 6 typical areas. The spatial and temporal variations of for-
est LAI and its relationships with temperature and precipitation were analyzed. The results show that the accuracy of the 500 m 
LAI product was above 70% in the 6 typical areas, indicating the reliability of this product. From 2000 to 2010, forest LAI in 
northeast, north, and south central China showed increasing trends. However, forest LAI in southeast and parts of southwest Chi-
na showed downward trends, mainly because of the significant decrease observed during the period 2008 to 2010. Annual mean 
forest LAI positively correlated with annual mean temperature (AMT) in northeastern China and negatively correlated with AMT 
in southwest China. It had positive correlations with annual total precipitation in central south and north China. The abnormal 
climate conditions in 2001 and 2009 caused forest LAI to be obviously lower than normal in regions south of the Qinling Moun-
tains and Huaihe River. Annual mean LAI decreased by more than 1.0 in some areas. 
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Leaf Area Index (LAI) is usually defined as one half of the 
total green leaf area per unit ground surface area [1]. As an 
essential parameter characterizing the canopy structure, LAI 
is highly related to many processes (e.g. photosynthesis, 
respiration, evapotranspiration, rain interception and energy 
exchange) [2,3]. It used as an input or state variable for 
various ecological, biogeochemical, dynamic vegetation, 
and land surface process models to simulate terrestrial eco-
system-atmosphere interactions at regional and global scales. 
In recent years, remote sensing techniques rapidly devel-
oped and provide new ways to retrieve LAI from large areas 
[4]. The methods used to retrieve LAI from remote sensing 
data can be broadly classified into two different groups: 

statistical models and inverse models [5]. The inversion 
methods are increasingly being used to generate large re-
gional or global LAI products because of their robust phys-
ical basis and nonnecessity of LAI observations. For exam-
ple, the widely used MODIS LAI product is mainly pro-
duced using an inversion method [6,7]. The GLOBCA- 
RBON LAI product provided by the European Space 
Agency is generated using a new LAI retrieval algorithm 
based on the 4-scale geometrical optical model [8]. This 
algorithm has been shown to be superior to the MODIS LAI 
algorithm in studies conducted in Canada, China and other 
regions [9–11]. 

LAI directly inversed using remote sensing is effective 
LAI (LAIe) rather than true LAI (LAI = LAIe/,  is the 
clumping index, which quantifies the spatial distribution of 
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canopy leaves [12–14]). However, because of a lack of spa-
tially distributed clumping index data, this parameter is of-
ten determined according to land cover types. This approx-
imation induces uncertainties in LAI inversion and model 
simulations [8,15,16]. Garrigues et al. [17] compared the 
MODIS, CYCLOPES, GLOBCARBON, and ECOCL- 
IMAP global LAI products and found that their large dif-
ferences in forest ecosystems were mainly related to wheth-
er or not the clumping effects of vegetation canopies were 
considered.   

Compared with LAI inversion from remote sensing, the 
clumping index retrieval from remote sensing data is less 
studied. Previous studies mainly focus on clumping index 
retrieving using Hotspot and Darkspot near-infrared (NIR) 
reflectance acquired by the multi-angular POLDER sensor 
[14,18]. However, the spatial resolution (6 km) of clumping 
index retrieved from POLDER data is too low to meet the 
demands of generating global 1 km or 500 m LAI products 
using MODIS data. Recently, Zhu et al. [19] developed a 
method to retrieve the clumping index over China by simu-
lating the Hotspot and Darkspot reflectance using the 
MODIS BRDF product, which makes it possible to inverse 
true LAI using MODIS data at 1 km and 500 m resolutions. 

As a crucial terrestrial ecosystem, forests play an im-
portant role in climate change and the global carbon cycle 
[20]. Many studies indicate that forests play a dominant role 
in the global terrestrial carbon sink [21]. In addition, forest 
LAI is the key factor influencing carbon sequestration [22], 
and it directly affects regional or global climate conditions 
through regulating the partition of sensible and latent heat 
fluxes [23–25]. Therefore, reliable forest LAI data is a pre-
requisite to improving the reliability of ecological and land 
surface process models, and reducing uncertainties in car-
bon source and sink estimates [26–29].  

Affected by the monsoon climate, China’s forests show 
significant zonality [30]. They include deciduous broadleaf 
forest (DBF), deciduous needleleaf forest (DNF), evergreen 
broadleaf forest (EBF), evergreen needleleaf forest (ENF), 
mixed forest (MF), and shrub (SH) [31,32] (Figure 1). 
Many studies show that China’s forests are currently acting 
as a carbon sink [33], which can be attributed to forest ex-
pansion and carbon density increases resulting from the 
implementation of ecological engineering such as conver-
sion of grasslands and croplands to forests, and forest con-
servation. However, the estimates of the carbon sink of 
China’s forests derived from different methods are still con-
siderably inconsistent. It is necessary to conduct thorough 
studies of the spatial and temporal patterns of the carbon 
cycle in China’s forests and the underlying mechanisms. 
Therefore, not only are forest LAI products with high qual-
ity required, but also the spatial and temporal characteristics 
of forest LAI need to be analyzed. 

In this study, MODIS data were used to derive an LAI 
inversion model based on the 4-scale geometric optical 
model to generate 8-d LAI series at a resolution of 500 m  

 

Figure 1  Spatial distribution of forests in China (based on GLC 2000 
land cover data) and areas in which LAI was measured for validating in-
versed LAI. SH: Shrub; MF: Mixed Forest; DNF: Deciduous Needleleaf 
Forest; ENF: Evergreen Needleleaf Forest; DBF: Deciduous Broadleaf 
Forest; EBF: Evergreen Broadleaf Forest. 

for China’s forests during the period 2000 to 2010. The 
quality of this LAI product was first assessed using field 
LAI measurements. Then the spatial and temporal variations 
of LAI and their possible causes were explored to provide a 
scientific guideline for accurately calculating the carbon 
budget of China’s forests and comprehensively evaluating 
the ecological benefits of ecological engineering. 

1  Data and methods  

1.1  Data used 

(1) Data for LAI inversion.  The data used to retrieve for-
est LAI in China include the MODIS BRDF product (MCD 
43A1) and the corresponding quality product (MCD 43A2), 
the MODIS surface reflectance product (MOD 09A1), a 
land cover map (GLC 2000), and digital elevation model 
(DEM) data (SRTM 4.1, Shuttle Radar Topography Mission) 
(Table 1). Data format conversion, re-projection, and mosa-
ics were conducted to prepare the input data for the LAI 
inversion model. The DEM map was used to correct the 
effect of topography on the retrieved clumping index. 

(2) LAI validation data.  The quality of the retrieved 
LAI was evaluated according to the framework “validation 
of global moderate-resolution LAI products” proposed by 
CEOS WGCV (“Committee Earth Observing Satellites’ 
Working Group on Calibration and Validation”) [34]. With 
the Tracing Radiation and Architecture of Canopy (TRAC) 
and LAI 2000 instruments, forest LAI and clumping index 
were measured in 6 representative regions, including 
Maoershan Mountain in Heilongjiang Province (MES), 
Changbaishan Mountain in Jilin Province (CBS), Baohe in 
Shaanxi Province (BH), Tiantong Mountain in Zhejiang 
Province (TTS), Qianyanzhou in Jiangxi Province (QYZ), 
and Liping in Guizhou Province (LP) (Table 2).  
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Table 1  Data used for retrieving clumping index and LAI 

Data type Format Date Resolution Sources 

MCD 43A1 HDF 2000-01–2010-12 8 d/500 m Land Processes Distributed Active Archive Center 

MCD 43A2 HDF 2000-01–2010-12 8 d/500 m Land Processes Distributed Active Archive Center 

MOD 09A1 HDF 2000-01–2010-12 8 d/500 m Land Processes Distributed Active Archive Center 

GLC 2000 Binary 2000 1 km European Commission Joint Research Center 

SRTM 4.1 ASCII – 90 m International Center for Tropical Agriculture 

Table 2  The information on 6 sample areas and TM remote sensing data used for validating inversed LAI 

Areas Geographical ranges Main forest types Date Instruments Samples TM/ETM acquired date Reference 

MES 127.50°–127.60°E 
45.27°–45.33°N 

MF 2009-07 TRAC 
LAI2000 

15 2009-06-24 [35] 

CBS 127.81°–128.40°E 
41.96°–42.58°N 

MF 2002-08 TRAC 21 2002-08-25 [37] 

BH 106.68°–107.51°E 
33.65°–34.33°N 

DBF 2003-07 TRAC 35 2003-06-05 [38] 

TTS 121.70°–121.81°E 
29.78°–29.86°N 

EBF 2009-09 TRAC 
LAI2000 

21 2009-08-18 [39] 

QYZ 114.78°–115.18°E 
26.54°–26.86°N 

ENF 2008-07 TRAC 23 2008-07-26 [36] 

LP 108.62°–109.52°E 
25.73°–26.52°N 

EBF 2003-08 
2004-08 

TRAC 19 2000-05-14 
2000-05-21 

[40] 

 
 

Landsat Thematic Mapper/Enhanced Thematic Mapper 
(TM/ETM) data acquired quasi-synchronously with the LAI 
observation dates were used in conjunction with measured 
LAI to generate the 30 m TM LAI maps. Then, these TM 
LAI maps were aggregated to 500 m resolution for evaluating 
the accuracy of inversed LAI using MODIS data [35,36]. 

(3) Meteorological data.  Daily temperature and precip-
itation data for the years 2000–2010 observed at national 
basic meteorological stations were interpolated to generate 
500 m temperature and precipitation fields using the inverse 
distance weighting method. Annual mean temperatures and 
total precipitation were calculated from the daily data and 
used to analyze the reasons for the interannual variability of 
forest LAI. In temperature interpolation, a lapse rate of 6°C 
per 1000 m was assumed. 

1.2  LAI inversion based on MODIS data 

(1) The MOD 09A1 and GLC 2000 data were input into the 
LAI inversion model based on the 4-scale geometrical opti-
cal model [8] to generate 8-d 500 m LAIe data for 2000– 
2010. The LAIe data was further smoothed and interpolated 
using the locally adjusted cubic-spline capping (LACC) 
method [41].  

(2) With the MCD 43A1, MCD 43 A2 data and a modi-
fied Ross-Li model [19], the Hotspot (the zenith angles of 
sun and the sensor were set as 45°, and their relative azi-
muth angle was 0°) and Darkspot (the zenith angles of sun 
and the sensor were set as 45°, while their relative azimuth 
angle was 180°) NIR reflectances were simulated to calcu-
late the Normalized Difference between Hotspot and Dark-
spot (NDHD). Then the 500 m resolution clumping index 

was calculated based on its relationship with NDHD. The 
topography effect on the retrieved clumping index was cor-
rected using the 500 m DEM data [19] and the corrected 
clumping index was further smoothed using the LACC 
method [41].  

(3) Based on the retrieved clumping index and LAIe data, 
8-d LAI maps at 500 m resolution were generated for the 
period 2000-2010. 

1.3  Quality assessments of retrieved LAI using the 
MODIS data 

The R2, Root Mean Square Error (RMSE) and Evaluation 
Accuracy (EA) were used to evaluate the quality of LAI 
retrieved using the MODIS data. RMSE and EA are calcu-
lated as follows:  
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where LAITM(i) and LAIMOD(i) are the resampled TM LAI 
and inversed LAI values, respectively. N is the number of 
measured samples used for the validation. 

1.4  Analysis of the temporal trends of forest LAI 

The linear fitting method (y= ax+b) was used to analyze the 
temporal trends of forest LAI: 
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where n is the number of years (equal to 11 in this study), xi 
denotes the year (=1, 2, 3, , 11), yi represents the annual 
mean LAI value in the ith year. A positive a value means an 
increased trend in LAI, and vice versa. 

The interannual variability of LAI was quantified using 
the Coefficient of Variation (CV): 

 2
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where LAIi is the annual mean LAI value of the ith year, 

and LAI  is the mean LAI during the period 2000–2010. 

2  Results and analyses 

2.1  Assessment of the quality of LAI retrieved using 
the MODIS data  

Figure 2 shows the comparison of LAI inversed using 
MODIS data (LAIMODIS) with measured LAI scaled to 500 
m resolution using the TM/ETM data (LAITM) in 6 typical 
validation areas. LAIMODIS agrees well with LAITM. The 
scatter points are mostly distributed around the 1:1 lines, 
indicating that no systematic biases exist in the retrieved 
LAI. The R2 of LAIMODIS ranges from 0.69 (at LP) to 0.80 
(at TTS). The R2 values of the other four regions are about 

0.75. The RMSE values of LAIMODIS are in the range 0.50 
(at QYZ) to 0.88 (at BH). The EA values of LAIMODIS are 
all above 70%, with the highest EA value at CBS (EA= 
84.9%) and the lowest at LP (EA=70.9%). The relatively 
poor agreement between LAIMODIS and LAITM at LP was 
possibly because of the large time lag of LAI measurements 
compared with the TM image acquisition time and the com-
plex terrain in that area. At MES, the EA value of LAIMODIS 
reached 78.6%. However, LAIMODIS was generally lower 
than LAITM. At the plots with high LAITM values, the un-
derestimation of LAIMODIS was more obvious.  

In conclusion, forest LAI inversed using the MODIS data 
is of high quality, and could be used to study the carbon and 
water cycles of forests in China. 

2.2  Seasonality of forest LAI in China 

Figure 3 shows the maps of inversed forest LAI in January, 
April, July, and October averaged over the period 2000– 
2010, which represent the spatial patterns of forest LAI in 
winter, spring, summer, and autumn, respectively. Inversed 
forest LAI exhibited distinct spatial and seasonal variations. 
Summer is the season with the highest LAI, followed by 
autumn and spring. LAI had the lowest values in winter. 
Forest LAI shows similar seasonality to temperature, pre-
cipitation and incoming solar radiation. 

Winter is the season with the lowest temperatures and the 
least incoming solar radiation. EBF and ENF are still grow-
ing slowly in south China, southeast coastal areas, Taiwan,  

 

 

Figure 2  Validation of inversed LAI in 6 typical forest regions of China. (a) MES; (b) CBS; (c) BH; (d) TTS; (e) QYZ; (f) LP. LAIMODIS is LAI inversed 
using MODIS data. LAITM is LAI data scaled to 500 m resolution from 30 m LAI maps generated from measured LAI and TM/ETM remote sensing data. 
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and southwest China. Inversed forest LAI in these regions 
was greater than 1.0. Forests in most regions of China are in 
dormancy without growth or leaves. Inversed LAI was gen-
erally below 1.0 and approached the annual minimum. As 
for evergreen forests, inversed LAI in winter might be too 
low, possibly because of the following two reasons. Firstly, 
the reflectance spectrum of evergreen leaves is significantly 
different in winter. The difference in the reflectance of NIR 
and red bands is relatively smaller in winter than in summer. 
Secondly, the snowpack accumulated on the ground surface 
of forests in northern regions might also induce the underes-
timation of LAI inversed using MODIS data in winter. In 
spring, temperatures gradually increase from the south to 
the north, and precipitation simultaneously increases, with 
forests starting to grow, this is indicated by gradually in-
creasing LAI. The most obvious increase in inversed LAI 
appeared in the deciduous forests of northeast China and the 
tropical and subtropical forests south of Qinling. In April, 
inversed forest LAI was almost above 2.0 in the southeast 
part of northeast China, and was normally above 3.0 in re-
gions south of Qinling. It was above 4.0 in southeast China 
as well as Hainan and Taiwan. With the arrival of summer, 
the summer monsoon gradually moves to the north of the 
Yangtze River and most regions of north China. Suitable 

temperatures and abundant rainfall enhance the growth of 
forests. In summer, inversed LAI approached maximum 
levels. In July, it was higher than 4.0 in most regions. 
However, its spatial distribution was significantly affected 
by water and heat conditions, showing an overall gradual 
decreasing trend from southeast coastal areas to the north-
west areas. Forest LAI in areas north of Da Hinggan Moun-
tains were normally above 8.0. LAI of DBF, DEF, and MF 
in Xiao Hinggan Mountains and Changbai Mountains, and 
deciduous forests in north China were in the range 5.0–7.0. 
In regions dominantly covered by mixed forests such as 
southeast Tibet and southeast Yunnan province, forest LAI 
was usually greater than 4.0. As one of the major forest 
types in China, subtropical EBF is widely distributed in 
extensive subtropical regions. Their LAI was mostly above 
4.0 and even approached 6.0–9.0 in the Hengduan Moun-
tains, Wuyi Mountains and the central Taiwan Province. 
LAI of most shrubs and open forests in the Xinjiang and 
Inner Mongolia autonomous regions and Qinghai-Tibet 
Plateau were below 2.0. In October, forest LAI declined 
throughout the country. Evergreen forest LAI in south Chi-
na, southeastern coastal areas, southeast Tibet and Taiwan 
Province declined slightly. They still ranged from 6.0–8.0. 
In this season, forests start to drop leaves and stop growth in  

 

 

Figure 3  The spatial patterns of inversed LAI averaged over the period 2000–2010 for forests in China in January (a), April (b), July (c), and October (d). 
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northeast China because of low temperatures. Inversed  
LAI here was extensively below 3.0, similar to the values 
and spatial pattern observed in April. The spatial patterns 
and seasonal variations of inversed LAI here showed close 
similarity to the results simulated by the AVIM2 model 
[42].  

2.3  Temporal trends of forest LAI in China during the 
period 2000–2010  

Figure 4 shows the temporal trends of annual mean forest 
LAI in China during the periods 2000–2010 and 2000–2007. 
There were obvious spatial differences in the temporal 
trends of forest LAI during the period 2000–2010. Forest 
LAI increased in northeast, north, northwest, and central 
China. In Da Hinggan Mountains, Xiao Hinggan Mountains, 
and eastern Changbai Mountains of northeast China, the 
northern part of north China, and south Qinling, the annual 
means of inversed forest LAI increased at rates above 0.03 
per year in the 11 years study period. In some areas, the 
increasing forest LAI rates were even above 0.05 per year. 
Inversed forest LAI exhibited marginal temporal trends in 
Inner Mongolia, most of Qinghai-Tibet Plateau, Xinjiang, 
Yunnan-Guizhou Plateau, and southeast Tibet. The annual 
means of inversed forest LAI showed obvious downward 
trends in Zhejiang, Fujian, Guangdong, Jiangxi, and Hunan 
provinces as well as parts of Sichuan and Yunnan provinces. 
The decreasing annual mean inversed forest LAI rates were 
in the range 0.03–0.06. The decreases in annual mean in-
versed forest LAI in these regions mainly occurred in the 
years 2008–2010. From 2000 to 2007, the annual mean in-
versed forest LAI generally increased across the country, at 
rates above 0.05 per year in most regions (Figure 4(b)).  

The national averages of the annual mean inversed LAI 
of different forest types showed similar annual variations 
(Figure 5). The inter-annual variability of forest LAI was 
small during the period 2002–2008. The averages of the 
annual mean inversed LAI of all forests in China were about 

3.0 during this period and dropped to about 2.5 in 2001 and 
2009, significantly lower than the normal values. 

EBF had the highest annual mean LAI among all types of 
forests. The national averages of the annual mean LAI of 
this forest type were around 5.5 in all years with the excep-
tions of 2001 and 2009. They were less than 5.0 in those 
two years. As for ENF, the national averages of the annual 
mean LAI were below 4.0 in 2001 and 2009, also slightly 
smaller than the values of about 4.5 in other years. The na-
tional averages of the annual mean LAI of DBF in 2001 and 
2009 were below 3.0, approximately 15% lower than nor-
mal values (about 3.5). The national averages of the annual 
mean LAI of DNF showed obvious periodic oscillations 
over the 11 years, and obviously decreased in 2001 and 
2009 (below 2.5). They were about 2.8 in 2003, 2006, and 
2008, slightly lower than the high values of 3.0 in other 
years. The national averages of the annual mean inversed 
LAI of MF and SH were relatively small and showed slight 
inter-annual fluctuations, varying in the ranges 1.5–1.9 and 
0.5–0.7, respectively.  

The inter-annual variability of annual mean inversed LAI 
exhibited distinct spatial patterns in China during the period 
2000–2010 (Figure 6), indicated by CV values calculated 
using eq. (4). The CV values of annual mean inversed forest 
LAI were mostly above 0.06 in northeast, southeast, and 
central China. They were even above 0.1 in Da Hinggan 
Mountains region, Jiangxi, Fujian, Hunan, Guizhou and 
Guangdong, north Sichuan, and south Shaanxi, and between 
0.06 and 0.08 in Xiao Hinggan Mountains and Changbai 
Mountains regions. The inter-annual variability of forest 
LAI in north China was relatively small, with most CV val-
ues in the range 0.04–0.06. The CV values of annual mean 
inversed LAI ranged 0.04–0.07 in southeast Tibet and west 
Yunnan-Guizhou Plateau, smaller than the corresponding 
values in eastern regions at the same latitudes. Inversed for-
est LAI showed quite small inter-annual variability in Xin-
jiang, Inner Mongolia, and most parts of Tibet, with CV 
values generally less than 0.02.

 

 

Figure 4  The temporal trends of annual mean forest LAI in China during the periods 2000–2010 (a) and 2000–2007 (b) (m2 m−2 a−1). 
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Figure 5  The national averages of annual mean LAI of different forest 
types in China over the period 2000–2010. 

 
Figure 6  Distribution of CV values calculated using the annual mean 
inversed forest LAI in China during the period 2000–2010. 

2.4  The relationships between forest LAI, temperature 
and precipitation  

Figure 7 shows the relationships between annual mean for-
est LAI, annual mean temperature and annual total precipi-

tation during the period 2000–2010. In north China, south-
west China, southwest Tibet, Yunnan-Guizhou Plateau, 
south Fujian Province and northeast Guangdong Province, 
annual mean forest LAI negatively correlated with annual 
mean temperature, with the correlation coefficients (r) be-
tween −0.2 and −0.4. In north Yunnan-Guizhou Plateau r 
values even reached −0.6, significant at a level of 0.05. 
Annual mean inversed forest LAI was positively correlated 
with annual mean temperature in northeast China, south 
Shaanxi Province, Hunan Province, most of Jiangxi Prov-
ince, north Fujian Province, west Zhejiang Province, and 
south Anhui Province. The positive correlations between 
annual mean LAI and annual mean temperature were most 
significant in northeast China, with r values normally in the 
range 0.2–0.4 and even above 0.6 in some areas (significant 
at the 0.05 level). In this region, temperature is one of major 
factors limiting forest growth [43]. The increase in temper-
ature prolonged the forest growing season and increased 
annual mean LAI.  

Annual mean LAI showed negative correlations with 
annual total precipitation in the northern part of north China, 
south China, southeastern coastal areas and west Sichuan 
Province. The most significant negative correlations ap-
peared in Da Hinggan Mountains and north Xiao Hinggan 
Mountains regions, with the absolute values of r normally 
above 0.4. They were even above 0.6 (significant at the 0.05 
level) in some areas. In these areas, water is not the major 
limiting factor for forest growth [44]. Precipitation increases 
often accompany temperature and incoming solar radiation 
decreases, which are not favorable for forest growth. In the 
humid south China and southeast coastal areas, precipitation 
is abundant and can meet forest growth requirements in 
normal years. Excessive rainfall often accompanies an in-
crease in clouds and decrease in incoming solar radiation, 
which limits forest photosynthesis. Annual mean forest LAI 
and annual total precipitation in these areas also showed 
negative correlations. Water was a major factor inhibiting 
the growth of forests in the semiarid northern part of North    

 
 

 
Figure 7  Spatial distribution of the correlation coefficient of annual mean LAI with temperature (a) and precipitation (b) during the period 2000–2010. 
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China. Increased precipitation could promote forest growth, 
and the r values between annual mean forest LAI and annu-
al precipitation were greater than 0.6. Forest LAI was posi-
tively correlated with annual total precipitation (r > 0.4) in 
Guizhou Province, west Hunan Province, west Hubei Prov-
ince, and Chongqing Municipality. Although precipitation 
in these regions is not too low, poor soil water holding ca-
pacity and high evaporation consumption caused by high 
temperatures make forest growth sensitive to changes in 
precipitation. Reduced rainfall is detrimental to forest 
growth and causes forest LAI to decrease. 

2.5  Analysis of abnormally low LAI of China’s forests 
in 2001 and 2009 

In 2001, the annual mean forest LAI was lower than the 
corresponding values averaged over the period 2000–2010 
in most regions of China except for parts of Da Hinggan 
Mountains, where annual LAI was slightly higher than mul-
ti-year means. Compared with the averages during the peri-
od 2000–2010, annual mean forest LAI in 2001 was 0.2–0.4 
lower in northeast, north and southwest China, 0.6–0.8 low-
er in the extensive areas south of Qinling and Huaihe (ex-
cept southwest regions), and even 1.0 lower in southeast 
coastal regions. Abnormally low LAI in this year was in-
duced by abnormal climate conditions. Precipitation was 
lower than normal in most regions of China except for Fu-
jian, Guangdong, Guangxi, Yunnan and Sichuan. It was a 
year of extreme drought following on from 1999 to 2000. 
Different degrees of drought occurred in all seasons. Annual 
precipitation was over 360 mm lower than the multi-year 
averages in the middle reach of the Yangtze River [45]. 
Especially, droughts occurring during spring and summer in 
north China, during summer in the middle and lower reach-
es of the Yangtze River, and during autumn in east China 
seriously affected terrestrial ecosystems, including forests. 
In contrast, southwest and south China were hit by severe 
floods. Annual rainfall in Guangdong and Guangxi was 
over 360 mm higher than the multi-year averages (Figure 
8(c)) [45]. Frosts and cold spells in late spring affected the 
eastern part of northwest China and north China, Huanghuai 
Region, and the middle and lower reaches of the Yangtze 
River [46]. The annual mean temperature in this year was 
below normal in most regions except parts of southwest 
China, Inner Mongolia and Xinjiang, where the annual 
mean temperatures were above normal. The annual mean 
temperatures were over 0.2°C lower than multi-year aver-
ages in Guangxi, Hunan, and Jiangxi provinces and north-
east China.  

In 2009, the annual mean temperature was 1.0°C lower 
than multiyear averages in northeast China (Figure 8(e)). 
Although annual total precipitation was over 70 mm higher 
than normal, it mainly fell in winter [47]. Low temperatures 
and snowfall in winter and drought in spring and autumn 
inhibited forest growth in this region, causing annual mean 

LAI to decrease by 0.2–0.4. The annual mean temperature 
of 2009 was relatively high in extensive regions south of 
Qinling Mountains-Huaihe River. It was 0.2–0.4°C higher 
than multi-year averages in southern regions of China. The 
increase of annual mean temperature even reached 0.6°C at 
the juncture of Sichuan Province and Tibet Autonomous 
Region (Figure 8(e)). Meanwhile, total annual precipitation 
was over 150 mm lower than multi-year averages in south-
ern regions of China. The decrease of annual total precipita-
tion was even over 360 mm in Yunnan-Guizhou Plateau and 
southeast China (Figure 8(f)). The abnormal weather caused 
forest LAI to decrease more than 0.2 in most regions of 
China (Figure 8(d)). Compared with multi-year averages 
from 2000 to 2010, the annual mean forest LAI was over 
1.0 lower in southeast Tibet, Sichuan, south Shaanxi, west 
Hunan, south Anhui, Zhejiang, Fujian, Jiangxi, Hunan, 
Guangdong, Taiwan, east Guizhou, east Guangxi, and part 
areas of Yunnan.  

3  Conclusions 

In this study, MODIS data were used to force the LAI in-
version model based on the 4-scale geometric optical model 
to generate 8-d 500 m forest LAI in China during the period 
2000–2010. The generated LAI product was validated with 
LAI measurements scaled up to 500 m resolution using 
TM/ETM remote sensing data. The spatial and temporal 
variations of retrieved forest LAI and its relationships with 
temperature and precipitation were analyzed. Based on this 
study, the following conclusions can be drawn: 

(1) The validations conducted in 6 typical forest regions 
indicate that the quality of the LAI product generated in this 
study is reliable. It shows good consistency with LAI pro-
duced using LAI field measurements and TM/ETM remote 
sensing data. The R2 values of this LAI product are above 
0.69 and its EA values are above 70% in all 6 regions.  

(2) The retrieved LAI of forests in China exhibited dis-
tinct seasonality. Summer is the season with highest LAI, 
followed by spring and autumn. The lowest LAI appeared in 
winter. The south to north gradient of forest LAI is the 
smallest in summer. There is a distinct east to west decreas-
ing gradient of forest LAI.  

(3) Forest LAI in China showed significant increasing 
trends during the period 2000–2007. Then it decreased be-
cause of the effects of low temperatures in early 2008 in 
southern regions, and drought and high temperatures in 
southern regions and low temperatures in northeast regions 
in 2009. The overall increasing trend of annual mean forest 
LAI in China was not significant during the period 2000– 
2010. Annual mean forest LAI even showed significant 
decreasing trends during this period in Jiangxi, Fujian, east 
Hunan, and north Guangdong. 

(4) The variations in temperature and precipitation in-
duced the inter-annual variability of forest LAI in China.  
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Figure 8  Spatial distribution of the departures of annual mean LAI ((a), (d)), annual mean temperature (°C) ((b), (e)), and annual total precipitation (mm) 
((c), (f)) in 2001(left) and 2009 (right) from multi-year means. 

The correlations of annual mean LAI with annual mean 
temperature and annual precipitation differed spatially. In 
general, increased temperature may cause forest LAI to in-
crease in northeast China and decrease in southern regions 
of China. Increased precipitation may cause forest LAI to 
decrease in north parts of northeast China, southeast China, 
and south coastal areas of China and to increase in north 
and central south China.  

The quality of the LAI products were individually vali-

dated using observations of measured LAI data in 6 typical 
regions. Forests in China are complex and diverse. Further 
validation of forest LAI inversed by MODIS data and the 
model used here should be conducted in more regions. For-
est LAI is simultaneously influenced by forest age and en-
vironmental factors. For young forests, LAI normally in-
creases with forest age. The relationships between forest 
LAI, temperature and precipitation were analyzed using the 
correlation analysis method and showed spatial differences. 
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These calculated relationships definitely include the effects 
of forest age on LAI. To identify more realistic forest LAI 
responses to temperature and precipitation, forest age effects 
should first be quantified and removed in future studies.  
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