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Abstract: Based on long-term measurement data of weather/ecological stations over China,
this paper calculated and produced annually- and seasonally-averaged Photosynthetically
Active Radiation (PAR) spatial data from 1961 to 2007, using climatological calculations and
spatialization techniques. The spatio-temporal variation characteristics of annually- and
seasonally-averaged PAR spatial data over China in recent 50 years were analyzed with
Mann-Kendall trend analysis method and GIS spatial analysis techniques. The results show
that: (1) As a whole, the spatial distribution of PAR is complex and inhomogeneous across
China, with lower PAR in the eastern and southern parts of China and higher PAR in the
western part. Mean annual PAR over China ranges from 17.7 molm2d™" to 39.5 molm2d™".
(2) Annually- and seasonally-averaged PAR of each pixel over China are averaged as a
whole and the mean values decline visibly with fluctuant processes, and the changing rate of
annually-averaged PAR is —0.138 mol m? d'/10a. The changing amplitudes among four
seasons are different, with maximum dropping in summer, and the descending speed of PAR
is faster before the 1990s, after which the speed slows down. (3) The analysis by each pixel
shows that PAR declines significantly (a=0.05) in most parts of China. Summer and winter
play more important roles in the interannual variability of PAR. North China is always a de-
creasing zone in four seasons, while the northwest of Qinghai-Tibet Plateau turns to be an
increasing zone in four seasons. (4) The spatial distributions of the interannual variability of
PAR vary among different periods. The interannual variabilities of PAR in a certain region are
different not only among four seasons, but also among different periods.
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1 Introduction

Solar radiation is the most important source of energy required for plant growth. Solar radia-
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tion with wavelengths between 400 and 700 nanometers (nm), which is called Photosyn-
thetically Active Radiation (PAR), can be utilized by the plant biochemical processes in
photosynthesis to convert light energy into biomass (Udo and Aro, 1999; Jacovides et al.,
2004). As a significant ecological factor influencing plant growth, PAR is a key parameter in
photosynthesis modeling, vegetation primary productivity calculation, and in studies of
ecosystem-atmosphere CO, exchange (Cao et al., 2005). Monteith suggested that net pri-
mary production (NPP) under non-stressed conditions is linearly related to the amount of
PAR that is absorbed by the green foliage (Monteith, 1972; Monteith, 1977). Absorbed PAR
is the product of incident PAR and absorption coefficient (fPAR). Therefore, the variabilities
of PAR at temporal and spatial scales directly influence the spatio-temporal variability of
NPP. PAR is a significant climatic factor, and analyzing and detecting long-term changing
trend of climatic factors is an important part of climate change research in the context of
global climate change. Also, the study of the spatio-temporal variability of PAR can lend
great support to the study on how the variability of PAR influences the process of photosyn-
thesis in ecosystems (Graham et al., 2003).

There are two measuring systems for PAR: one is radiation flux density (W m_z), acquired
from indirect measurement; the other is photosynthetic photon flux density (umol m ™ s™"),
directly measured with a quantum sensor (Udo and Aro, 1999; Ross and Sulev, 2000). These
two measuring systems can be interconvertible with a conversion coefficient of 4.57 pumol
J' (Dye, 2004). A large amount of research work on the methods of estimating PAR has
been performed by far; however, there are relatively less studies focusing on the spa-
tio-temporal variation characteristics of PAR. Zhou et al. (1996) investigated the relation-
ships between PAR and other meteorological factors, and introduced an estimation method
of PAR based on global radiation. The variation characteristics of PAR in Qinghai-Tibet
Plateau (Zhang et al., 1997; Zhang et al., 2000), Liaoning (Liu et al., 2002), Tai Lake
(Zhang and Qin, 2002), and Inner Mongolia (Bai and Wang, 2004) had been explored and
local empirical estimation equations of PAR had been built. Hu et al. (2007) analyzed the
variabilities of PAR in different regions across China, based on PAR observatory data from
Chinese Ecosystem Research Network (CERN) field stations, and systematically explored
the spatio-temporal variation characteristics of PAR over China. However, all of these stud-
ies focused on the spatio-temporal variability of PAR at site scale, hardly referring to re-
gional scale. In recent years, with the increase in PAR observation stations, accumulation of
PAR observatory data provides abundant data for the spatio-temporal variation characteris-
tics analysis of PAR. In addition, the rapid development and wide application of GIS tech-
niques make it possible for visualization analysis of the spatio-temporal variation character-
istics of PAR.

This paper aims to explore the spatio-temporal variation characteristics of PAR at regional
scale and reveal temporal dynamic characteristics and spatial evolution pattern of PAR,
which will lay the foundation for further analysis of the impact of PAR variability on pri-
mary productivity of terrestrial ecosystems in China. Based on long-term measurement data
of weather/ecological stations over China, we calculated and produced annually- and sea-
sonally-averaged PAR spatial data from 1961 to 2007, using climatological calculation and
spatialization techniques. Moreover, the spatio-temporal variation characteristics of annu-
ally- and seasonally-averaged PAR spatial data over China in recent 50 years were analyzed
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with Mann-Kendall trend analysis method and GIS spatial analysis techniques.

2 Data and methods
2.1 Research data

Research Data using in this paper include climatic data and topographic data. Three climatic
datasets are selected to calculate and spatialize PAR: (1) daily sunshine duration data ob-
served at 740 weather stations across China for 1961-2007, provided by China Meteoro-
logical Administration; (2) daily global radiation and daily sunshine duration data observed
at 122 radiation stations across China for 1961-2000, provided by China Meteorological
Administration; (3) daily global radiation and daily PAR data observed at 36 field stations
across China for 2004-2007, provided by CERN (Figure 1). DEM data (Digital Elevation
Model) with a spatial resolution of 500 mx500 m, provided by Institute of Geographic Sci-
ences and Natural Resources Research, is selected as topographic data for the spatial inter-
polation of PAR.

* Weather stations
4 Radiation stations
¥ CERN stations

|
] 500 1000 km

Figure 1 Spatial distribution of observation stations over China
(I. Northwest China; II. Inner Mongolia; III. Northeast China; IV. North China; V. Central China; VI. South
China; VII. Southwest China; VII. Qinghai-Tibet Plateau)

2.2 Calculation and spatialization methods of PAR

There are two main methods for calculation and spatialization of PAR: remote sensing re-
trieval (Van and Sanchez-Azofeifa, 2005) and data simulation based on ground observation
(Lin et al., 2002). According to spatial distribution of PAR observation stations and China's
Physical Geography Division (Zhao and Chen, 1999), we divide China into eight regions:
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Northwest China, Inner Mongolia, Northeast China, North China, Central China, South
China, Southwest China, and Qinghai-Tibet Plateau (Figure 1). Based on two empirical
equations of PAR vs. global radiation and global radiation vs. sunshine duration, we utilize
PAR observatory data and ancillary meteorological data in a certain region to calculate PAR
spatial data in this region, using ANUSPLIN spatial interpolation arithmetic. The entire cal-
culation process is divided into three steps:

(1) Based on the empirical relationship between global radiation and sunshine duration
described by Angstrom equation (Equation 1) (Angstrem, 1924), we firstly use global radia-
tion and sunshine duration observatory data at 122 radiation stations across China to esti-
mate coefficients (a, b) of Angstrom equations in eight regions (Table 1). Then, we utilize
sunshine duration data from 740 weather stations across China to calculate global radiation
of all these weather stations (He ef al., 2003; 2004a; 2004b).

9 _pt
- a+bN (1)

0
where O, Q' represent global radiation and extraterrestrial radiation respectively; n, N repre-
sent actual sunshine duration and possible sunshine duration respectively; and a, b are un-
determined coefficients. Extraterrestrial radiation and possible sunshine duration can be de-
rived from geographic latitude and day series (Tong et al., 2005).

(2) ANUSPLIN arithmetic (Hutchinson, 1991; Hutchinson, 1995; Hutchinson, 2002) is
selected for spatial interpolation of PAR over China (10 kmx10 km). ANUSPLIN is a thin
plate smoothing spline based spatial interpolation package that allows the use of multiple
covariates as linear sub-models in addition to the independent spline variables (Hutchinson,
2002). It was developed by Australian National University and has been widely used in spa-
tial interpolation of meteorological data (Hutchinson, 1991; Hijmans et al., 2005). The in-
fluencing factors we take into account in the spatial interpolation of PAR include latitude,
longitude and elevation.

(3) Based on the empirical relationship between photosynthetically active coefficient (7,
PAR/Q) and clearness index (Q/Q") (Equation 2) (He et al., 2004a; Yu et al., 2004), we util-
ize PAR and global radiation observation data at 36 CERN field stations to estimate coeffi-
cients (¢, d) of Equation 2 in eight regions, by means of parameter estimation with observa-
tory data in respective regions (Table 1). And then we calculate 77 of each pixel over China,
from which PAR spatial data is derived.

n=c+d lng 2)
Table 1 Estimated values of parameters of Equations (1) and (2) in different regions across China
I I il v \ VI Uil Vil
Parameters ~ Northwest Inner Northeast North Central South Southwest  Qinghai-Tibet
China Mongolia China China China China China Plateau
a 0.2590 0.1780 0.1928 0.1904 0.1519 0.1614 0.2019 0.2230
b 0.4779 0.5765 0.5373 0.5103 0.5739 0.5399 0.5354 0.5763
¢ 0.3610 0.3891 0.3549 0.3767 0.3712 0.3826 0.3742 0.3963

d —0.0414 —-0.0325 —-0.0491 -0.0381  -0.0412  —0.0497 -0.0367 —0.0478
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where O, Q' represent global radiation and extraterrestrial radiation respectively; 7 repre-
sents photosynthetically active coefficient; and ¢, d are undetermined coefficients.

The comparison between parameters of eight regions (Table 1) and results of other re-
search work (He et al., 2004a; Sun et al., 1992) indicates a slight difference in parameter
values. However, the overall trends are quite consistent. The mean values of parameter a and
b of eight regions (0.20, 0.54) are very close to the mean values for China as a whole (0.19,
0.55) reported by Sun et al. (1992), and nearly the same as those reported by some foreign
literatures (Louche et al., 1991; Almorox and Hontoria, 2004). Moreover, the mean values of
parameter ¢ and d are also close to those (0.40, —0.03) reported by He et al. (2004a). The
differences among these estimated parameter values possibly attribute to the use of mete-
orological data in different years. The ultimately derived PAR spatial dataset covers land
area of China and spans from 1961 to 2007, with a spatial resolution of 10 kmx10 km and a
temporal resolution of daily. Daily PAR data are calculated as annually- and season-
ally-averaged PAR spatial data for the following analysis.

2.3 Time-varying analysis method of PAR

The time series of PAR spatial data are analyzed at pixel and regional scales respectively,
using the Mann-Kendall trend analysis method. Rank-based Mann-Kendall trend analysis
method is one of the non-parametric statistical test methods (also called distribution-free test
methods), having significant advantages compared to traditional parametric statistical test
methods. This non-parametric method allows inquiring on the presence of a tendency in
long-term meteorological data, without having to make an assumption about its distribu-
tional properties. Moreover, this test is less influenced by the presence of outliers in the data
and relatively easy to calculate (Wei, 2007). Therefore, Mann-Kendall trend analysis method
has been widely used in time-varying analysis, and recommended by WMO (World Mete-
orological Organization) in time-varying analysis of environmental data (Yu et al., 2002).
The details of this statistical test method are as follows:

S—-1
———  (§>0
JVar(S) (5>0) L 1 (@>0)
Z= 0 (§=0) S=) > sign(x—x) sign(€=70 (@=0) (3)
S+1 ==l -1 (0<0)
————— (§<0)
Var(S)

where Z is standardized test statistic; S is test statistic; x denotes the data values at times i
and j; and # is the length of the data set. The statistic S is approximately normally distributed
when »n =8, with mean and variance as follows:

E(S)=0 4)

n(n—1)(2n+5)— ﬁ to(tp — )2t + 5)

Var(S) = 1”8:1 (5)

where ¢ is the number of tied groups (a tied group is a set of sample data having the same

value); ¢, is the number of data points in the pth group; and # is the length of the data set.
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The standardized test statistic Z has a mean of 0 and a standard deviation of 1. The hy-
pothesis that no trend exists is declined (i.e. the trend varies significantly) if |Z| >Zi_usa-

Z,_,,» refers to the corresponding value in normal distribution function table with confi-

dence level at .
The non-parametric robust estimate of the magnitude of the slope of linear trend (/) is
given by
p = Median u 6)
J—i
where x denotes the data values at times i and j. The trend is said to be decreasing if S is
negative, while increasing if fis positive.

3 Results and Analysis
3.1 Spatial distribution of annually-averaged PAR

Spatial distribution of perennial average of annually-averaged PAR over China for
1961-2007 is presented in Figure 2. The spatial distribution of PAR is complex and inho-
mogeneous across China, with lower PAR in the eastern and southern parts of China and
higher PAR in the western part. Annually-averaged PAR across China in recent 50 years
ranges from 17.7 mol m> d™' to 39.5 mol m™> d”', with maximum value of above 35 mol
m >d™" in the southwestern part of Qinghai-Tibet Plateau and minimum value of below 20
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Figure 2 Spatial distribution of annually-averaged PAR over China (averaged for 1961-2007)
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mol m2d™" in Sichuan Basin. In the eastern part of China, low PAR, ranging from 20 mol

m2d™" to 23 mol m2d, exists in the south of the Yangtze River Basin and PAR increases
southward and northward, with a range of 23-29 mol m>d"" in North China and 23-26 mol
m>d™" in South China, and then gradually decreases towards Northeast China. In the west-

ern part of China, annually-averaged PAR increases from north to south, with low value of

below 29 mol md™" in Tarim Basin and Junggar Basin, and with a range of 26-32 mol m™>

d—l

in Inner Mongolia. PAR in the Qinghai-Tibet Plateau is about 1/3 higher than that in

Xinjiang and nearly as higher again as that in Sichuan Basin.

3.2 Interannual variability of annually- and seasonally-averaged PAR

Time series of annual

departures of mean PAR for China as a whole (Figure 3) are derived

from annually- and seasonally-averaged PAR spatial data for 1961-2007, by means of alge-
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1961-2007. Dashed lines denote time of volcanic eruptions. Volcano 1: Agung (8.3°S, 115.5°E); Volcano 2:
Fuego (14.5°N, 125.5°E); Volcano 3: El-Chichon (17.3°N, 93.2°W); Volcano 4: Pinatubo (15.09°N, 120.2°E)
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braic operation on GIS platform. Annually-averaged PAR decreases slowly from 1961 to
2007, with a mean decreasing amplitude of 0.138 mol m>d'/10a. It decreases obviously
before the 1990s with almost above average, while the descending speed slows down after
the 1990s. Maximum value of annually-averaged PAR in recent 50 years occurs in 1978,
0.71 mol m2d™" higher than perennial average, and four low-value troughs occur around
1964, 1975, 1983 and 1993, respectively. The 5-year moving average curves of annual de-
parture of annually-averaged PAR indicate that annually-averaged PAR declines visibly with
a fluctuant process in recent 50 years, with an undulation period of quasi-10-year (Figure
3a).

The annual departure curves of seasonally-averaged PAR are presented in Figures 3b-e.
The most obvious decline happens in summer with a decreasing amplitude of 0.323 mol m™>
d"'/10a; while the declining trends in other seasons are not significant, with decreasing am-
plitudes of 0.072 mol m? d71/10a, 0.065 mol m™> dfl/IOa, and 0.091 mol m™ d71/10a, re-
spectively. Comparing to other seasons, the annual departure curve of summer-averaged
PAR is most similar to that of annually-averaged PAR, and also declines visibly with a fluc-
tuant process with maximum value in 1978, 1.45 mol m>d" higher than perennial average
(Figure 3c). Therefore, PAR undulation in summer plays the most important role in the in-
terannual variability of PAR. Furthermore, it can be seen from the annual departure curves
of four seasons that the decreasing speed slows down after the 1990s, most obvious in spring
and autumn, even having a upward trend in spring (Figure 3b).

On the whole, annually- and seasonally-averaged PAR decline visibly in recent 50 years,
with a faster descending speed before the 1990s than after that; and the changing amplitudes
among four seasons are different, with maximum dropping in summer; and PAR undulation
in summer plays the most important role in the interannual variability of PAR.

3.3  Spatial distribution of interannual variability of annually- and season-
ally-averaged PAR

Annually- and seasonally-averaged PAR spatial data for 1961-2007 are analyzed by each
pixel using Mann-Kendall trend analysis method, and the results show that obvious differ-
ences in different regions and seasons exist in the interannual variability of PAR across
China in recent 50 years (Figure 4). The analyzed results of temporal variation of annu-
ally-averaged PAR indicate that annually-averaged PAR declines significantly (0=0.05) in
most parts of China (56.4% of total area) and increases significantly in small parts of China
(12.5% of total area) (Figure 4a). In the eastern part of China, annually-averaged PAR de-
clines significantly in most areas and decreasing amplitudes exceed 1.5%/10a in North
China, South China and East China. In the western part of China, annually-averaged PAR
declines significantly in Xinjiang and the southern part of Qinghai-Tibet Plateau, with rela-
tive low decreasing amplitudes of below 1.5%/10a; however, it increases significantly in the
northern part of Qinghai-Tibet Plateau, with increasing amplitudes of 0-3%/10a.

The analysis results of temporal variation of seasonally-averaged PAR (Figures 4b-e) in-
dicate that temporal variation of PAR differs among four seasons, except for in different re-
gions. The patterns of spatial distribution of annually- and seasonally-averaged PAR are
nearly the same, but in changing amplitudes and regional extents. Changing amplitudes and
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regional extents vary with season, greater in summer and winter than spring and autumn,
with the most in summer. It can be seen from Figure 4c¢ that spatial distribution of interan-
nual changing rates of summer-averaged PAR differs most obviously among four seasons. In
the eastern part of China, except Northeast China, we found a remarkable decrease in PAR,
with the highest decreasing amplitude of 4.5%—6%/10a in Yangtze River Basin and decreas-
ing amplitudes diminishing southward and northward. Decreasing amplitudes range from
1.5%/10a to 4.5%/10a in North China, and from 1.5%/10a to 3%/10a in South China. In the
western part of China, variation characteristics of seasonally-averaged PAR are the same as
those of annually-averaged PAR, except that regional extents where PAR increases signifi-
cantly diminish. Spatial distribution of interannual changing rates of winter-averaged PAR
indicates (Figure 4e) that areas of high decreasing amplitudes are the same as those for
summer, situated in Yangtze Rive Basin, but with smaller decreasing amplitudes of
3%—4.5%/10a. South China turns from significantly decreasing areas in summer into no
trend areas in winter, and decreasing amplitudes in Xinjiang increase to 1.5%—4.5%/10a.

Comparing to summer and wither, changing amplitudes and regional extents of interannual
variability of PAR in spring and autumn turn down (Figures 4b and 4d).
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In view of differences of interannual variability of PAR among different periods in recent
50 years (Figure 3), PAR spatial data for 1961-2007 are divided into three periods for fur-
ther analysis (period 1: 1961-1975, period 2: 1976-1990, period 3: 1991-2007). Annu-
ally-averaged and typical summer- and winter-averaged PAR for these three periods are
examined to explore spatial distributions of interannual variability of annually- and season-
ally-averaged PAR in different periods. (1) Spatial distribution of interannual variability of
annually-averaged PAR is presented in Figures 5a-c. In the period 1, most of significantly
decreasing areas are located in the Middle-Lower Yangtze River with decreasing amplitudes
of 5%—-10%/10a, while most of significantly increasing areas are located in the eastern and
northwestern parts of Tibet with increasing amplitudes of 5%—10%/10a. In the period 2, sig-
nificantly decreasing areas disperse, situated in some areas of Loess Plateau, Yunnan,
Heilongjiang, Xinjiang, etc.; the Middle-Lower Yangtze River has no trend, and signifi-
cantly increasing areas are intensively located in the northwestern part of Qinghai-Tibet Pla-
teau. In the period 3, significantly decreasing areas diminish, mainly situated in North China
and the western part of Tibet, but significantly increasing areas expand obviously, typically
situated in the northern part of Heilongjiang with increasing amplitudes of above 10%/10a.
(2) Spatial distribution of interannual variability of summer-averaged PAR differs very
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Figure 5 Spatial distribution of changing rates of annually- and seasonally-averaged PAR over China in differ-
ent periods (%/10a, 0=0.05).
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obviously (Figures 5d-f). The eastern part of Qinghai-Tibet Plateau is main significantly
increasing areas with increasing amplitudes of above 5%/10a in period 1, but it shows no
obvious trend in periods 2 and 3. Significantly decreasing areas are located in Jiangxi in pe-
riod 1, in the northern part of Northeast China in period 2, and in North China and the west-
ern part of Tibet in period 3. (3) Spatial distribution of interannual variability of win-
ter-averaged PAR indicates (Figures 5g-i) that significantly decreasing areas are mainly lo-
cated in North China Plain, while significantly increasing areas are located in the southern
part of Yunnan in period 1. In period 2, significantly decreasing areas are located in North
China and Yangtze Rive Basin, while significantly increasing areas are located in the north-
western part of Tibet. In period 3, there is almost no significantly decreasing area, and sig-
nificantly increasing areas are located in the northern part of Heilongjiang and the
mid-eastern part of Tibet.

On the whole, there are two evident features of interannual variability of annually- and
seasonally-averaged PAR over China: from the aspect of spatial scale, temporal variation
characteristics of PAR is distinct in the eastern part of China from that in the western part,
with wider regional extents and larger changing amplitudes in the east than in the west; from
the aspect of seasonal scale, changing amplitudes and regional extents in summer and winter
exceed those in spring and autumn. In addition, the comparative analysis among three peri-
ods reveals that PAR shows distinct variation characteristics among different periods, and
that the descending speed of PAR is faster before the 1990s, after which the speed slows
down, even having a upward trend.

3.4 Cause analysis of variability of PAR

Many factors influence spatio-temporal variation characteristics of PAR, including extrater-
restrial radiation, cloud cover, aerosols, etc.

(1) Extraterrestrial radiation is the basis of incident solar radiation that earth surface re-
ceives. It is the initial calculation parameter for PAR and directly influences the amount of
PAR. However, extraterrestrial radiation is relatively stable in that the change of solar con-
stant is about 1.36 W m (changing rate of only 0.1%), which can be revealed by satellite
observatory data in recent decades (Lean, 1997).

(2) Cloud is an important obstacle preventing solar radiation from reaching earth surface,
and increasing cloud amount would lead to decreasing PAR. It can be known from temporal
variation analysis of PAR in this paper that PAR declines significantly in most parts of China
in recent 50 years, but cloud amount also declines in most parts of China in recent decades
as reported by many research work. That is to say, the change of cloud amount can not ac-
count for the significant decline of PAR in recent 50 years (Li et al., 1998; Zeng and Yan,
1993). Therefore, the change of cloud amount is not a key factor influencing the temporal
variability of PAR over China in recent 50 years.

(3) The increase of aerosol would lead to a decrease of direct fraction and an increase of
diffuse fraction of PAR. However, the total amount of incident PAR reaching earth surface
decreases in that the amount of diffuse PAR is generally much smaller than direct PAR. The
increase of aerosol comes from two sources: volcanic eruptions and anthropogenic activities.
In recent 50 years, PAR declines with a fluctuant process and troughs in the process are
closely related to major volcanic eruptions, including Agung volcano in 1963 (8.3°S,
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115.5°E), Fuego volcano in 1974 (14.5°N, 125.5°E), El-Chichon volcano in 1982 (17.3°N,
93.2°W) and Pinatubo volcano in 1991 (15.09°N, 120.2°E) (Figure 3). It can be seen from
Figure 3a that four troughs in the declining process of PAR occur in 1-2 year after big vol-
canic eruptions. Pinatubo volcano erupted in 1991, the most violent one in recent 100 years,
ejected about 14-20 Tg (1 Tg = 10" g) sulfate acrosol into stratosphere, increasing aerosol
to the maximum in low latitude region in three months and in middle latitude region of
Northern Hemisphere in May or June, 1992 (Zha, 1996). The ejected aerosol directly re-
sulted in a decrease in the amount of incident solar radiation (Stowe et al., 1992; Minnis et
al., 1993), which give the reason why annually-averaged PAR is at relatively low values in
three consecutive years after 1991 (Figure 3a). Another important reason for temporal vari-
ability of PAR in recent 50 years is that the rapid development of global economy, the popu-
lation explosion and the large-scale use of fossil fuels lead to a great increase in atmospheric
pollutants, which lowers down atmospheric transparency. Accordingly, temporal dynamics
of PAR with a fluctuant declining process in recent 50 years attribute to the increase of
aerosol from volcano eruptions and anthropogenic activities. The latter is the key factor that
contributes to the steadily declining process of PAR, while the former accounts for the fluc-
tuant process of PAR. The combination of these two influencing factors leads to decreasing
PAR with a fluctuant process in recent 50 years. Furthermore, it can be seen from Figure 3
that there is a quasi-10-year period in the fluctuation of PAR, which is similar to 11-year
solar cycle, that is, the fluctuation of PAR is likely associated with solar cycle.

Not only does perennial average of PAR has an uneven spatial distribution in recent 50
years (Figure 2), but also interannual changing rates of PAR differ obviously between the
eastern and western parts of China (Figure 4). The uneven spatial distribution of perennial
average of PAR attributes to many influencing factors, such as geographic location, topog-
raphy and atmospheric circulation. PAR in Qinghai-Tibet Plateau is higher than that in low
elevation areas of the same latitudes, with two reasons accounting for this phenomenon. On
the one hand, a higher elevation of Qinghai-Tibet Plateau accompanies with a shorter dis-
tance from the top of atmosphere to earth surface, that is, PAR is less weakened in the proc-
ess of radiation transfer. One the other hand, a higher elevation leads to thinner air, thus PAR
is less influenced by atmosphere. Sichuan Basin and Middle-Lower Yangtze River are in-
fluenced by monsoon climate, which leads to more amount of cloud and shorter actual sun-
shine duration, and therefore PAR in these areas is lower than other areas in China. Addi-
tionally, lower PAR in these areas is also caused by increasingly serious air pollution that is
not easy to disperse under the control of subtropical high in summer. The differences in spa-
tial distribution of interannual changing rates of PAR between the eastern and western parts
of China are mainly associated with the differences in economy and population. In recent 50
years, with the development of economy and the explosion of population in the eastern part
of China, air pollution is more serious and the increasing rate of aerosol is greater, compared
to those in the western part of China. Therefore, interannual changing rates of PAR in the
eastern part of China are greater than those in the western part.

4 Conclusions

Based on long-term measurement data of weather/ecological stations over China, we calcu-
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lated and produced annually- and seasonally-averaged PAR spatial data from 1961 to 2007,
using climatological calculations and spatialization techniques. Moreover, the spa-
tio-temporal variation characteristics of annually- and seasonally-averaged PAR spatial data
in China in recent 50 years were analyzed with Mann-Kendall trend analysis method and
GIS spatial analysis technique at temporal and spatial scale. Several conclusions are derived
as below:

(1) The spatial distribution of PAR is complex and inhomogeneous across China, with
maximum value in the southwestern part of Qinghai-Tibet Plateau and minimum value in
Sichuan Basin. Annually-averaged PAR over China in recent 50 years ranges from 17.7 mol
m 2 d "' to 39.5 mol m™ d". In the western part of China, annually-averaged PAR increases
from north to south. In the eastern part of China, low PAR exists in the south of the Yangtze
River Basin and PAR increases southward and northward, and then gradually decreases to-
wards Northeast China.

(2) PAR is averaged over China as a whole and both annually- and seasonally-averaged
PAR decline obviously with fluctuant processes in recent 50 years, with a mean decreasing
amplitude of 0.138 mol m>d'/10a and a faster decreasing speed before the 1990s than after
that. The changing amplitudes among four seasons are different, with maximum dropping in
summer.

(3) The analysis by each pixel shows that PAR declines significantly in most parts of
China. The changing trend in the eastern part of China is more obvious than that in the
western part, and summer and winter play more important roles in the interannual variability
of PAR. The interannual changing rates of PAR in a certain region are different among four
seasons, and spatial distributions vary with season as well. North China is always a decreas-
ing zone among four seasons, while the northwest of Qinghai-Tibet Plateau turns to be an
increasing zone among four seasons.

(4) The spatial distributions of the interannual variability of PAR among different periods
are not the same in recent 50 years. The interannual variability of PAR in a certain region is
different not only among four seasons, but also among different periods. As a whole, the
descending speed of PAR is faster and decreasing/increasing areas are more concentrated
before the 1990s, after which the speed slows down and decreasing/increasing areas dis-
perse.

This paper aims to explore spatio-temporal dynamic characteristics of long-term PAR
spatial data using GIS spatial analysis techniques and time-varying analyzing method. By
means of visualization, quantifying, and truly reflecting local features provided by GIS spa-
tial analysis techniques, spatial pattern and temporal dynamics of PAR over China are ex-
amined deeply in pixel and regional scales, realizing a comprehensive study of spa-
tio-temporal variation characteristics of PAR in complex geographic environments of China.
The deficiencies of GIS spatial analysis techniques, including authenticity of original data
and veracity of spatial interpolation method, may bring about a certain uncertainties in
eventual results (Gong and Wang, 2002). However, this paper focuses on spatio-temporal
variation analysis of PAR at regional scale, so the derived results are able to represent gen-
eral variation characteristics of PAR, which will greatly promote the study of ecosystem
processes at regional scale, including spatio-temporal variability and pattern of ecosystem
production and underlying driving mechanisms.
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