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Abstract. Vegetation net primary production (NPP) derived from a carbon model (Carnegie—Ames—
Stanford Approach, CASA) and its interannual change in the Qinghai-Xizang (Tibetan) Plateau were
investigated in this study using 1982-1999 time series data sets of normalized difference vegetation
index (NDVI) and paired ground-based information on vegetation, climate, soil, and solar radiation.
The 18-year averaged annual NPP over the plateau was 125 g C m~2 yr~!, decreasing from the south-
east to the northwest, consistent with precipitation and temperature patterns. Total annual NPP was
estimated between 0.183 and 0.244 Pg C over the 18 years, with an average of 0.212Pg C (1Pg =
10" g). Two distinct periods (1982-1990 and 1991-1999) of NPP variation were observed, separated
by a sharp reduction during 1990-1991. From 1982 to 1990, annual NPP did not show a significant
trend, while from 1991 to 1999 a marked increase of 0.007 Pg C yr—2 was observed. NPP trends for
most vegetation types resembled that of the whole plateau. The largest annual NPP increase during
1991-1999 appeared in alpine meadows, accounting for 32.3% of the increment of the whole region.
Changes in solar radiation and temperature significantly influenced NPP variation, suggesting that
solar radiation may be one of the major factors associated with changes in NPP.

1. Introduction

Vegetation net primary production (NPP) not only serves as a compelling indicator
of earth surface system health (Running et al., 2000) but also plays a central role
in the terrestrial carbon cycle (Keeling et al., 1996; Field et al., 1998). Therefore,
NPP and its response to global change have been a focus of global change research
(Cramer et al., 1999), and many studies have been conducted based on historical
data sets (e.g., Melillo et al., 1993; Malmstrom et al., 1997; Peng and Apps, 1999;
Schimel et al., 2000; Lucht et al., 2002; Hicke et al., 2002; Cao et al., 2003; Fang
et al., 2003; Nemani et al., 2003). These studies have generally concluded that
terrestrial photosynthetic activity in the Northern Hemisphere has increased over
the past two decades, especially in the high latitudes, owing to elevated temperatures
(Hansen et al., 1996; Myneni et al., 1997; IPCC, 2001; Zhou et al., 2001; Tucker
et al., 2001; Lucht et al., 2002).

The Qinghai-Xizang Plateau (Tibet), with an average altitude of nearly 5000 m
and low temperatures (annual mean temperature over most of the region falling
below 0°C), has been called the “third pole” of the earth. Previous studies have
suggested that the temperature fluctuations in the plateau are wider than that of

Climatic Change (2006) 74: 253-267
DOLI: 10.1007/s10584-005-6339-8 © Springer 2006



254 S. PIAO ET AL.

other regions in the Northern Hemisphere, indicating its high sensitivity to global
change (Lin et al., 1996; Yao et al., 2000). Furthermore, the unique vegetation
geography and climate zones of the Plateau, along with low intensity of human dis-
turbance, recommend it as an ideal region for identifying effects of climate change
on vegetation activity and its interannual variations; however, very few studies have
been performed due primarily to a lack of multiyear field and ground observations
(N1i, 2000; Luo et al., 2002). Recently, well-calibrated multiyear satellite data sets
and well-documented weather data sets have permitted characterization of year-
to-year changes in regional- and global-scale terrestrial production (Malmstrom
et al., 1997; Behrenfeld et al., 2001). Especially, the data set of normalized differ-
ence vegetation index (NDVI) derived from the Advanced Very High Resolution
Radiometer (AVHRR) on the National Oceanic and Atmospheric Administration
(NOAA) satellite sensor is useful for identifying vegetation activity dynamics be-
cause of its short revisit interval (Tucker et al., 1994, 2001; Zhou et al., 2001, 2003;
Lucht et al., 2002; Slayback et al., 2003).

In this study, we investigate the NPP of the Qinghai-Xizang Plateau from 1982
to 1999 using satellite data set and a carbon model, the Carnegie—Ames—Stanford
Approach (CASA) (Potter et al., 1993; Field et al., 1995). We aim to (1) explore
interannual variations in NPP and its spatial distribution on the plateau, (2) elucidate
the relationships between the NPP trends and climatic factors, and (3) identify the
changes in NPP by vegetation type.

2. Data and Methods
2.1. STUDY AREA

The Qinghai-Xizang Plateau consists of Qinghai Province and Xizang (Tibet) Au-
tonomous Region (Figure 1), with an area of 192 x 10*km?, about one-fifth of
China’s territory. The plateau ranges between 26.5 and 39.5 °N in latitude and be-
tween 78.3 and 103.1 °E in longitude. The relatively young Himalayan Tectonic
Movement and uplift has made the plateau the youngest and highest highland in
the world (Zhao, 1994).

Uplifting of the plateau strengthened the South Asian monsoon, and thus has
greatly influenced the climate zones and vegetation distribution on the plateau and
adjacent areas (Editorial Committee for Vegetation of China, 1980). Temperature
on the plateau is very low, with annual mean temperature of below 0 °C for most
areas (but >10 °C in southeastern low altitudes), while solar radiation is extremely
high, ranging between 6000 and 9000 MJ m~2 yr~! (Editorial Committee for Physi-
cal Geography of China, 1985). Annual precipitation decreases from over 1000 mm
on the southeastern border to less 100 mm on the northwestern parts (Zhao, 1994).
Such a large climate range from warm to cold and from wet to dry has generated di-
verse vegetation types, from evergreen broadleaf forest, evergreen coniferous forest,
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Figure 1. Vegetation map of the Qinghai-Xizang Plateau derived from ground observations (based
on Institute of Geography, Chinese Academy of Sciences, 1996).

shrub, alpine meadow, and grassland to desert from southeastern to northwestern
parts (Figure 1).

2.2. CASA MODEL

Theoretically, NPP can be estimated using the variables of the absorbed photosyn-
thetically active radiation (APAR) and the efficiency by which radiation is converted
to plant biomass (¢) (Monteith, 1977). CASA calculates APAR as the product of
photosynthetically active radiation (PAR) and the fraction of APAR (fAPAR). The
parameter ¢ represents a function of the maximum light-use efficiency variable (¢*),
as well as temperature (7 ) and moisture (W, ) scalars that represent climate stresses
on vegetation light-use efficiency. NPP for a location (x) and time () is calculated as

NPP(x, t) = fAPAR(x, 1) X PAR(x, 1) x *(x, 1) X Te(x, 1) X We(x, 1) e

where fAPAR relates closely to NDVI, and is defined as a combination of red and
near-infrared surface reflectance of the canopy (Sellers et al., 1995). The CASA
uses NDVI as a proxy for fAPAR. For the detailed algorithm of the CASA model,
see Potter et al. (1993) and Field et al. (1995).

In order to quantify change rate of NPP, we regressed annual NPP versus year
[NPP = m + b(year) + e; m and b are regression coefficients, and e is the residual
error]. The slope of the regression, b, is the mean increase amount of annual NPP,
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and its ratio to average NPP over the study period is defined as mean increase rate
of annual NPP.

2.3. DATA SETS

NDVI data set used in this study was produced by the Global Inventory Monitoring
and Modeling Studies (GIMMS) group using the AVHRR/NOAA series satellites
(NOAA7,9,11 and 14), and is available from 1982 to 1999, with a spatial resolution
of 8 km x 8 km and a semimonthly temporal resolution. The processing of the data
set includes improved navigation, calibration for sensor degradation and correction
for stratospheric volcanic aerosols for El Chichon and Mount Pinatubo eruptions
in April 1984 and June 1991 (Zhou et al., 2001; Slayback et al., 2003).

Nonetheless, interannual signals of vegetation reflectance are subtle and there-
fore subject to non-vegetation effects. Many factors, unrelated to vegetation struc-
tures, can introduce extraneous variability in NDVI both in space and time, and can
easily be misidentified as real NDVI variability (Gutman, 1999). In the AVHRR time
series, the major problems are with the continuous changes in sensor sensitivity (cal-
ibration problems) and with satellite orbital drift and changeover. Properties of both
surface and atmosphere are spatially and temporally variable and quantitative char-
acteristics of atmospheric constituents and surface are insufficient (Gutman, 1999).
Accordingly, successful removal of non-vegetation effects remains a challenge. The
quality of this NDVI data set has been assessed by Tucker et al. (2001) and Zhou
et al. (2001, 2003). They found that the data set could be used to identify the long-
term trends in vegetation activity. Recent comparison among four AVHRR NDVI
data sets has also indicated that variations due to satellite drifts and changeover are
small in this data set, especially in high latitudes (Slayback et al., 2003).

Some of these non-vegetated effects can be minimized, to a large extent, by
processing and analyzing only the monthly maximum NDVI value composites
(MVC) (Holben, 1986; Tucker et al., 1994). We used these maximum values as
monthly NDVI in this study. To further eliminate the impacts of bare and sparsely
vegetated regions, only grid cells with annual mean NDVI of >0.1 unit during the
18 years were used in this study. As a result, the total study area in this study was
170 x 10* km?.

The monthly NDVI values were then converted to geographic projection at 0.1°
x 0.1° resolution from the original Albers equal area projection using bilinear
interpolation in ARC/INFO 7.1.1 software.

The meteorological data used in this study included monthly mean temperature,
monthly precipitation, and monthly solar radiation. These data sets, with a spatial
resolution of 0.1°, were obtained from Fang et al. (2001a, 2003). Soil texture
and vegetation data were acquired by digitizing the soil texture map of China
(Deng, 1986) and vegetation map of China (CAS, Institute of Geography, 1996),
respectively.
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TABLE I
Annual NPP for different vegetation types in the Qinghai-Xizang Plateau
Vegetation type Area (10°km?>) NPP(gCm2yr!) SD  Total NPP (Tg C)
Evergreen broadleaf forest 4.44 525 191 23.33
Evergreen coniferous forest 5.94 247 128 14.67
Shrubs 43.92 110 90  48.14
Desert 25.88 44 52 11.40
Grassland 49.44 89 75 44.15
Alpine Meadow 37.61 178 83 66.86
Cultivation 2.40 167 77 4.02
Total 169.63 125 122 212.57

SD: standard deviation.

3. Results
3.1. GEOGRAPHIC DISTRIBUTION OF NPP

Averaged annual NPP over the plateau and NPP values for each vegetation type
during 1982—-1999 are shown in Table I. The 18-year averaged total annual NPP and
mean annual NPP per area were 0.212PgCyr~! and 125gCm 2 yr~! (Table I).

Alpine grassland, meadow and shrub are the three dominant biome types, with
forests limited to the southeastern areas (Figure 1). The largest mean NPP ap-
peared in evergreen broadleaf forest (525gCm~2yr~!), followed by evergreen
coniferous forest (247 gCm~2yr~!), meadow (178 gCm~2 yr~!), cultivated land
(167gCm~2yr™1), shrubs (110gCm~2yr~!), and grassland (89 gCm—2yr™!),
with deserts having the smallest mean (44gCm~2yr~!). Total forest NPP
accounted for only 17.9% of the plateau’s total, while alpine meadows composed
the largest portion of the total, accounting for 31.4% (Table I).

NPP clearly decreased from southeastern to northwestern areas (Figure 2A),
consistent with the changes in the vegetation zone (Figure 1) and precipitation
and temperature patterns (Figure 2B and C). In the southeast, subtropical evergreen
broadleaf forest had large NPP, ranging from 500 to 1000 g C m~2 yr~!, while in the
northwest, vegetation is very sparse due to very limited precipitation (Figure 2B)
and its NPP seldom exceeded 10 gC m~2 yr~'. NPP in the eastern areas generally
varied from 200 to 400 gC m~2 yr~!, and was typically below 100gCm~2yr~! in
the western areas.

3.2. NPP TRENDS

Figure 3 illustrates the interannual variations in annual NPP, annual average
NDVI, annual precipitation, annual mean temperature, and annual solar radiation
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in the plateau between 1982 and 1999. Annual NPP varied between 0.183 and
0.244PgCyr~! with a coefficient of variation of 7.9% and an increase rate of
0.7% yr~! in the study period.

Although overall NPP increased in the plateau over the past two decades (R =
0.45, p = 0.06), two distinct periods of NPP variation were identified: 1982-1990
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Figure 2. Spatial patterns of (A) 18-year averaged annual NPP derived from the CASA, (B) annual
precipitation, and (C) annual mean temperature in the Qinghai-Xizang Plateau.
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Figure 2. (Continued)

and 1991-1999, separated by arapid reduction from 1990 to 1991, most likely due to
the Mt. Pinatubo eruption in June 1991. This eruption has led to a great stratospheric
aerosol increase and solar radiation decrease in the Northern Hemisphere (Stowe
etal., 1992; Minnis et al., 1993). This solar radiation decrease was also documented
in the plateau; 1991 was the year of the lowest solar radiation during the 18 years
(Figure 3e).

In general, variations in annual NPP were associated with those in temperature
and precipitation of the current year (for example, in 1998 and 1999). However,
the NPP continuously increased in 1997, despite lower temperature, precipitation,
and solar radiation. This likely resulted from higher temperature and precipitation
in the preceding year (1996) because in some cases vegetation activity has been
documented to lag behind climate variations at a large scale (Braswell et al., 1997;
Los et al. 2001; Piao et al., 2003).

From 1982 to 1990, annual NPP did not show a significant trend (R = —0.16,
p = 0.67), despite marked increase in average temperature and NDVI (R = 0.66,
p = 0.05and R = 0.79, p = 0.01). This may have resulted from a significant
decrease in solar radiation during this period (R = —0.89, p = 0.001). Dur-
ing 1991-1999, the plateau NPP increased dramatically from 0.183 PgC in 1991
to 0.244PgC in 1999, with an annual increase of 0.007PgCyr~! (R = 0.89,
p = 0.001). This increase coincided with climatic variations: from 1991 to 1999,
temperature (Figure 3c), precipitation (Figure 3d), and solar radiation (Figure 3e)
all tended to increase (R = 0.61, p = 0.08; R = 0.45, p = 0.30, and R = 0.52,
p = 0.15, respectively).
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Figure 3. Interannual changes in (a) total net primary production (NPP, Pg C yr~!), (b) area-weighted
normalized difference vegetation index (NDVI), (c) annual mean temperature (°C), (d) annual precip-
itation (mm), and (e) solar radiation (MJ m~2 yr~!) over the period 19821999 in the Qinghai-Xizang
Plateau.
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TABLE 11
Mean increase amount of annual NPP (Tg C yr~2) (S), mean increase rate of annual NPP (% yr~")
(B), and coefficients of correlation between NPP and year (R) for different vegetation types during
1982-1990, 1991-1999, and 1982-1999 (R = 0.667 for significantly positive correlation when n =
9 and df = 7; R = 0.468 for significantly positive correlation when n = 18 and df = 16)

1982-1990 1991-1999 1982-1999

Vegetation type S B R S B R S B R

Evergreen broadleaf forest —0.273 —1.14 —-0.28 1.024 4.49 0.88 0.001 0.00 0.00
Evergreen coniferous forest ~ 0.020  0.14  0.04 0.708 4.81 0.86 0.098 0.67 0.29

Shrub —-0.303 —-0.64 —-0.32 1.637 334 087 0302 0.62 04

Desert 0.082 074 034 0354 3.05 079 0.093 0.81 0.50
Grassland 0.311 0.73 041 0.837 1.83 0.56 0406 091 0.61
Alpine meadow —0.544 —-0.83 —0.38 2246 329 0.83 0426 0.64 0.39
Cultivation 0.062 1.66 043 0.115 2.69 0.83 0.069 1.73 0.77

3.3. NPP TRENDS BY VEGETATION TYPE

NPP trends for different vegetation types allow us to better understand the pattern
of NPP change. Similar to the change in annual NPP over the 18 years, annual NPP
for most vegetation types increased significantly from 1991 to 1999, and lacked
any pronounced trend between 1982 and 1990 (Table II).

The annual NPP trends differed among vegetation types. From 1982 to 1990, an-
nual NPP for evergreen broadleaf forests, shrubs, and meadows decreased sharply,
while that for the remainders it increased (Table II). Among the seven vegetation
types, agricultural areas showed the largest annual mean increase rate (1.6% yr—!).
To figure out the possible mechanisms that cause increase or decrease in annual
NPP, we calculated coefficients of correlation between annual mean NDVI, annual
precipitation, annual mean temperature, annual solar radiation, and year for each
vegetation type during periods of the study (Table III). The results showed that so-
lar radiation decreased significantly and that other climatic variables all increased
for all vegetation types, suggesting that these climate parameters could not explain
increased NPP for the three vegetation types and decreased NPP for the rests. This
raised a question to be answered.

From 1991 to 1999, annual NPP tended to increase for all vegetation types
except grasslands. The largest annual NPP increase (2.25 Tg C yr—2) was observed
in alpine meadows, accounting for 32.3% of the plateau total increase. Shrubs
and evergreen broadleaf forest increased by 1.64 and 1.02 Tg C yr—2, respectively.
Evergreen coniferous forest had the largest annual mean increase rate (4.81% yr~1),
followed by evergreen broadleaf forest (4.49% yr=1).
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TABLE III
Coefficients of correlation between annual mean NDVI, annual precipitation (P), annual mean tem-
perature (7), annual solar radiation (SOL), and year for each vegetation type during 1982—-1990,
1991-1999, and 1982-1999 (R = 0.667 for significantly positive correlation, n =9, df = 7; R =
0.468 for significantly positive correlation, n = 18, df = 16)

1982-1990 1991-1999 1982-1999

Vegetation type NDVI P T SOL NDVI P T SOL NDVI P T SOL

Evergreen broadleaf 0.86 0.54 0.38 —0.81 0.67 0.37 0.64 0.63 0.34 0.45 0.56 —0.25
forest

Evergreen coniferous 0.82 0.62 042 —0.89 0.71 0.33 0.49 0.66 0.52 0.34 05 -0.22
forest

Shrub 0.70 0.33 0.64 —0.88 0.08 0.48 0.38 0.61 0.47 0.15 0.55 —0.18
Desert 0.62 029 0.71 —0.84 0.05 048 0.6 0.52 050 0.12 0.72 —0.05
Grassland 0.71 0.20 0.66 —0.86 —0.15 0.6 0.45 0.57 0.44 0.05 0.63 0.01
Alpine meadow 0.77 042 055 —0.9 023 0.42 0.36 0.66 053 0.07 0.49 —0.14
Cultivation 090 0.75 0.77 =0.79 0.71 0.6 0.58 0.65 0.82 0.56* 0.62 —0.02

4. Discussion

Large-scale vegetation production cannot be measured directly. Therefore, esti-
mating terrestrial vegetation production by ecological models has become an indis-
pensable technique (Cramer et al., 1999). A number of different models have been
used to estimate NPP at large spatial scales, but few studies have investigated NPP
in the Qinghai-Xizang Plateau, due to limited field and ground observations. Re-
cently, Luo et al. (2002) calculated annual NPP in the plateau based on an empirical
statistical model. According to their simulation, annual NPP of natural vegetation
in the plateau was 0.285 Pg C, approximating our estimation of 0.212+0.017 Pg C
(including areas under cultivation). In addition, Ni (2000) estimated annual NPP
for different vegetation types on the plateau using the Biome3 model. This model
estimated forest NPP between 220 and 810 g Cm~2 yr~!, and other vegetation types
below 200gCm~2yr~!.

Previous observational and NPP modeling studies have documented substantial
evidence that terrestrial photosynthetic activity has increased over the past two to
three decades in the middle- and high latitudes in the Northern Hemisphere (Fang
etal.,2001b, 2003; Pacala et al., 2001; Hicke et al., 2002; Cao et al., 2003). Recently
developed satellite-based NDVI data sets for the period of 1982-1999 also indicate
consistent trends of NDVI increase (Myneni et al., 1997; Zhou et al., 2001; Tucker
et al., 2001; Piao et al., 2003; Slayback et al., 2003). However, this increase has
been found to differ greatly in the magnitude and spatial distribution (Table I'V). For
example, with use of a satellite-based model, Nemani et al. (2003) reported that the
global NPP increased by 6.17% (3.4 Pg C) over the past 18 years (or 0.34% yr=!),
while this value was 10% during the 1980s (1.2% yr~') based on Malmstrom et al.
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TABLE IV
NDVI-based NPP estimates in Tibet and other regions and the global
NPP Trend Relative trend

Region Period (PgCyr™") (PgCyr2) (%yr ) Reference
Global 1982-1999 55.9* 0.19 0.34 Nemani et al. (2003)

1982-1990 56.4 0.69 1.2 Malmstrom et al. (1997)

1983-1991 55 0.1-0.24*  0.18-0.44  Ichii et al. (2001)
North America 1982-1998 6.2 0.03 0.47 Hicke et al. (2002)
China 1982-1999 1.4 0.015 1.03 Fang et al. (2003)
Amazon Basin  1982-1999 - - >1 Nemani et al. (2003)
Tibet 1982-1990 0.21 —0.0006 —-0.29 This study

1991-1999  0.22 0.0069 3.12 This study

1982-1999 0.21 0.0014 0.66 This study

Dashes depict no estimates.
*Estimated from NPP trend and relative NPP trend.
**Estimated from mean NPP and relative NPP trend.

(1997) and Potter et al. (1999). Fang et al. (2003) suggested that terrestrial NPP
in China increased at a total rate of 18.5%, or 1.03% annually over the period
19821999, which is larger than that in North America (0.47% yr~') (Hicke et al.,
2002). In this study, we found that the NPP had increased by an annual rate of 0.7%
in the Qinghai-Xizang Plateau from 1982 to 1999, with a smaller rate than that
over China. Moreover, the NPP trends in the plateau over the two decades were
divided into two distinguished periods: without any clear trend from 1982 to 1990
(R = —0.16, P = 0.67) and significant increase from 1991 to 1999 (R = 0.89,
P = 0.001). This suggests that vegetation growth on the plateau in the 1990s has
been much enhanced compared to that in 1980s, consistent with the trend in the
northern latitudes indicated by Schimel et al. (2001).

Terrestrial vegetation production is quite sensitive to climate changes (Dai et al.,
1993). It is well known that temperature, precipitation, and solar radiation are the
dominant controllers of plant photosynthesis (Dai etal., 1993; Peng and Apps, 1999;
Nemani et al., 2003). To determine the effects of climatic variables on the NPP trends
at the regional scale, we calculated the correlations between total NPP and solar
radiation, temperature and annual precipitation. We found solar radiation correlated
most strongly with NPP (R = 0.59, p = 0.01), followed by temperature (R = 0.44,
p = 0.07) and precipitation (R = 0.15, p = 0.54). This suggests that changes in
solar radiation may play a critical role in NPP variation and support the conclusions
of Nemani et al. (2003). Previous studies have reported that surface solar radiation
significantly declined during 1960-1990 in the United States (Liepert, 2002) and
China (Cha, 1995; Li et al., 1998). However, such radiation was found to increase
since the early 1990s in China (Zhang et al., 1999), which the results presented in
this study support.
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Mechanisms other than climate, such as CO, fertilization, N deposition and
land-use change that affect NDVI may also play roles in the increasing NPP trend
(Schimel et al., 2001). However, these factors were not quantified in our study
because they are not directly modeled in the CASA.
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