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ABSTRACT

The spatial and temporal variations in the end date of the vegetation growing season (EGS) and their
relationships with climate factors across the Qinghai-Tibetan Plateau yet have not been well researched.
In this study, we used the rate of the change in the curvature of the S-curve function which inte-
grated a logistic function and an asymmetric Gaussian function and showed a better performance
for fitting the LAI (leaf area index) data to extract the EGS from a long-term time series of AVHRR
(advanced very high resolution radiometer) LAI data. The spatial distribution pattern of the EGS aver-
aged from 1982 to 2011 presented a gradual decrease from the southeast to northwest plateau. The
various vegetation types showed different phenological EGS timing. The EGS occurred earlier with
increasing altitude (slope =—-3 daykm~!, p<0.001). Throughout the entire Qinghai-Tibetan Plateau, the
monthly air temperature and precipitation were positively correlated with the EGS, whereas the monthly
sunshine duration showed a negative correlation. At the regional scale, a less pronounced increas-
ing EGS trend (shifting about 1 day over 24 years, p=0.084) was observed during the entire study
period. By analyzing the trend turning points, we found that the EGS occurred later during 1982-1994
(slope=0.155dayyr—', p=0.045) and 1999-2011 (slope=0.096dayyr-!, p=0.3), but occurred earlier
during 1994-1999 (slope = —0.373 day yr—!, p=0.049). During 1982-2011, the annual changes of EGS neg-
atively correlated with precipitation (p <0.1) in June, but positively with precipitation (p <0.1) in August.
As the same time, the annual changes of EGS positively correlated with sunshine duration (p <0.1) in June,
yet negatively with sunshine duration (p <0.1) in August. During 1982-1994, the annual changes of EGS
positively correlated with air temperature (p<0.01) and negatively with precipitation (p<0.1) in June.
During 1994-1999, the annual changes of EGS only negatively correlated with air temperature (p < 0.05) in
August. During 1999-2011, the annual changes of EGS only negatively correlated with sunshine duration
(p<0.1) in August.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

production under shifting environmental conditions (Rathcke and
Elizabeth, 1985) and thus is a robust indicator of the effects of cli-

Vegetation phenology is defined as the seasonal timing of life
cycle events in plants as influenced by weather and climate, espe-
cially temperature (Richardson et al., 2006; Schwartz, 2003; White
et al,, 1997). Vegetation phenology is critical for plant survival and
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mate change (Richardson et al., 2006; White et al., 1997). During
the vegetation phenophases, the end date of the growing season
(EGS), i.e. the end of the vegetation senescence (or defoliation) or
the start of the vegetation dormancy, is a very important index that
determines the length of the growing season (LGS) and also con-
trols the spatial-temporal dynamics of critical carbon and water
cycles (Jong et al., 2011; White et al., 1997).

Numerous studies have revealed that the EGS has occurred later
in the recent half century. For example, Menzel and Fabian (1999)
reported that autumn phenology events were delayed by 4.8 days
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from 1959 to 1993 in Europe. Zeng et al. (2011) demonstrated the
EGS was delayed by 2.2 days in northern America in the last 10
years. Piao et al. (2006) indicated that dormancy was delayed in
autumn by 0.37daysyr—! from 1982 to 1999 in China’s temper-
ate region. Jeong et al. (2011) reported that at a hemispheric scale
the EGS was delayed by 4.3 days during 1982-1999 and further
delayed by an additional 2.3 days in the period of 2000-2008. In
addition, many studies have analyzed the relationship of EGS with
temperature and precipitation and indicated the temperature in
autumn typically showed positive correlations with the EGS (Jeong
et al,, 2011; Zeng et al,, 2011). In addition, in tropical ecosystems,
autumn phenology might be more closely linked to seasonal shifts
in precipitation (Cleland et al., 2007; Reich, 1995). In arid or semi-
arid areas, precipitation is also more important than temperature
for vegetation growth.

The results of certain studies are not always in agreement with
the aforementioned trends of EGS changes. For example, Pudas et al.
(2008) indicated there was neither an advancing nor a delaying
trend of EGS in Finland during 1997-2006. And Menzel et al. (2001)
reported trends of EGS of trees at neighboring stations in Germany
often showed contradictory signals. These heterogeneous patterns
of EGS changes might be attributed to the differences in study areas.
Because of the complexity of terrestrial ecosystems, different study
areas have diverse climate features. Moreover, the timing of phen-
ology events is sensitive to climate change (Richardson et al., 2006).
Thus, it is clear that EGS variation is strongly dependent on study
area.

The Qinghai-Tibetan Plateau is the highest and largest plateau
on Earth, and the vegetation in this area is highly sensitive to
climate change (Dong et al., 2012; Piao et al., 2011; Shen et al,,
2011; Zhang et al., 2013). The unique climate features here, e.g.,
the intense solar radiation, the longer sunshine duration, the lower
air temperature and pressure, the less cloud cover, the obvious sea-
sonal and spatial inhomogeneity of rainfall, etc., make the plateau
become the main local driver and amplifier of global climate change
(Liu and Chen, 2000; Dong et al., 2012). To date, several studies
on the EGS in the Qinghai-Tibetan Plateau have been published
(Ding et al., 2012; Dong et al., 2012; Jin et al,, 2013; Yu et al,,
2010). These studies mainly focused on the spatial distribution and
inter-annual changes in the EGS. Some of them analyzed the rela-
tionships between the EGS and temperature (Jin et al., 2013; Yu
etal.,, 2010) and altitude (Ding et al., 2012; Dong et al., 2012). How-
ever the results of these studies were not always in agreement, such
as the opposite inter-annual trends of the EGS between the find-
ings of Dong et al. (2012) and Yu et al. (2010) during 1982-2006,
and the inconsistent relationship of the EGS with altitude between
the results of Ding et al. (2012) and Dong et al. (2012). More-
over none of these studies analyzed the relationship between the
EGS and precipitation and sunshine duration. In fact, many stud-
ies have indicated that the precipitation and sunshine duration in
the plateau played important roles in the vegetation growth (Kang
et al., 2010; Mao et al., 2007; Zhou et al., 2007). Thus, researching
the spatial and temporal variations in the EGS and exploring their
relationships with climate factors throughout the Qinghai-Tibetan
Plateau have been really scarce up to now. This inadequacy
has severely restricted our comprehension of the autumn phen-
ology and the whole growing season of the Qinghai-Tibetan
Plateau.

In this study, we sought to quantify the spatial and temporal
variations of the EGS in autumn at the Qinghai-Tibetan Plateau
from 1982 to 2011. More specifically, this study attempted to
address the following questions:

(1) What was the spatial distribution of the EGS from 1982 to 2011
on the Qinghai-Tibetan Plateau?

(2) How do the spatial patterns of the EGS correlate with terrain
and climate factors?

(3) What were the temporal changes in the EGS over the last 30
years?

(4) What were the spatial patterns of temporal changes in the EGS
over the whole plateau?

(5) How do temporal changes in the EGS correlate with climate
factors?

2. Data and methods
2.1. Study area

The Qinghai-Tibetan Plateau is located in southwest China
(25-40° N and 76-104° E). As the Third Pole of the World, with
a mean elevation of higher than 4000 m above sea level and a ter-
rain inclining from northwest to southeast, it has a typical alpine
climate and vegetation types (Fig. 1). The mean air temperature
throughout the entire plateau is approximately —6.4°C in winter
(from November to January) and —3.4°C in early spring (February
and March) but reaches 10.5°C in summer (from May to July) and
8.2°Cin autumn (from August to October). The spatial distribution
of precipitation over the area is highly variable. Like most regions
in China, the precipitation decreases from southeast to northwest.
The temporal distribution of precipitation is also uneven, and the
rainy season (from May to September) accounts for 60-70% of the
annual precipitation (Ye et al., 2013). The vegetation types consist
mainly of grass, forest and shrub (Shen et al., 2011) (Fig. 1). In addi-
tion, the grass, including meadows and steppe, is dominant and
occupies approximately 63.6% of the plateau, mostly distributing
in the central part (Piao et al., 2011). Most vegetation occupying
67.7% over the plateau are seasonally deciduous, and less vegeta-
tion are evergreen which only account for approximately 4.75% of
the plateau (Ran et al., 2009). The growth cycle of the seasonally
deciduous vegetation in most area is single, and the growing sea-
son ranges from April to October, and the corresponding growth
peak occurs during July and August (Ma et al., 2011).

2.2. Datasets

Leaf area index (LAI) can effectively reflect seasonal variations
in vegetation. In this study, the LAl dataset at a spatial resolution of
1/12 degree (nearly 0.08 degree) and a 15-day interval, spanning
the period from 1982 to 2011, was used. This dataset was generated
from AVHRR (advanced very high resolution radiometer), GIMMS
(global inventory modeling and mapping studies) NDVI-3g (nor-
malized difference vegetation index, third generation) data (Zhu
et al., 2013). To scale the LAI temporal frequency down from 15
days to 1 day, we used the cubic spline interpolation which had a
better smooth feature and effectively reflected the signals of origi-
nal LAl data (Borak and Jasinski, 2009; Xu et al., 2012) to interpolate
the missing data. At the same time, for the purpose of minimizing
noisy LAI data, which can be caused by deserts, sparsely vegetated
areas or other factors, we regarded pixels with LAI value less than
0.2 as invalid. In addition, the observed gross primary productiv-
ity (GPP) by the Haibei eddy flux tower was applied to validate
the retrieved phenological results. The Haibei station lies in a large
valley surrounded by the Qilian Mountain at latitude 37.08° N and
longitude 101.08° E. These GPP data were obtained by digitizing
GPP plots reported in the literature (Li et al., 2007).

Monthly meteorological data from 57 meteorological sta-
tions distributed throughout the plateau (Fig. 1) were obtained
from the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.c). These data, which span the period of
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Fig. 1. Spatial distribution of meteorological stations and vegetation types on the Qinghai-Tibetan Plateau.

1982-2011, included the monthly mean surface air temperature,
monthly total precipitation and monthly sunshine duration.

Terrain information for the Qinghai-Tibetan Plateau was
obtained from the NASA shuttle radar topographic mission (SRTM)-
produced digital elevation data (DEM) with 90-m resolution
(http://www.cgiar-csi.org/). The vegetation distribution informa-
tion was obtained from a digitized 1:1,000,000 vegetation map
of China (Chinese Academy of Sciences, 2001). We assumed there
were no changes in the terrain and vegetation distribution on the
plateau during the study period.

2.3. Vegetation EGS retrieval methodology

Many methods for retrieving vegetation phenophase informa-
tion have been developed based on time series of remote sensing
data, although these methods generally follow similar procedures,
as described below. First, various functions, such as the asymmetric
Gaussian functions (Jonsson and Eklundh, 2002), logistic functions
(Shen et al., 2011; Zhang et al., 2003, 2006; Zhang and Goldberg,
2011), harmonic analysis of time series (HANTS) algorithms (Cong
etal., 2012; White et al., 2009; Zhong et al., 2010) or six-time poly-
nomials (Cong et al., 2012; Jeong et al., 2011; Piao et al., 2011), are
used to fit or smooth the preprocessed NDVI or LAl data. Then, algo-
rithms that set a threshold (Cong et al.,2012; Piao et al., 2006, 2011;
White et al., 2009; Zhong et al., 2010) or use the rate of change in
the curvature (Shen et al., 2011; Zhang et al., 2003, 2006; Zhang
and Goldberg, 2011) are applied to detect the phenology based on
the fitted or smoothed LAI data.

Asimilar approach was used in this study. However, the function
used to fit LAl data is newer. This method integrates a logistic func-
tion and an asymmetric Gaussian function and uses the following
function form:

yit)=—2L

1 + em(t) (1)

+4,
where m(t)=a-t2+b-t+c; y is LAl-fitted value; t is time in day; q is
the minimum of LAI value; p +q is the maximum of LAI value; and
a, b and c are parameters of the curve and control the position of
inflexion points as well as the slope of the curve.

Here, we call Eq. (1) an S-curve function. Two special cases are
worth considering. One is that when m(t)=b-t+c (a=0, b # 0),
Eq. (1) is equivalent to a logistic function (Zhang et al., 2003); the
other case is that when m(t)=a(t+(b/2a))? (b?=4ac, a # 0), Eq.
(1) is equivalent to an asymmetric Gaussian function (Jonsson and
Eklundh, 2002). Fig. 2a shows the comparison of fitted LAI which
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Fig. 2. Comparison of fitted LAl which after log transformation for S-curve function,
logistic function and asymmetric Gaussian function (Lazi site, position: 29.10° N lat;
87.60° E lon; first half of 2004) (a), and calculation schematic of the end date of the
growing season (EGS) (Haibei site, position: 37.08° N lat; 101.08° E lon; year: 2004)
(b). The LAl data are processed using cubic spline interpolation in both subfigures. In
subfigure (a), lines I and III are results of the logistic function. Line IV is the result of
the asymmetric Gaussian function. Lines Il and IV are results of the S-curve function.
In subfigure (b), y,(y:) is the fitted value of the left (right) S-curve function; the rcc;
is the rate of change in the curvature of the right S-curve function.
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after log transformation for S-curve function, logistic function and
asymmetric Gaussian function. We can see the quadratic polyno-
mial (lines I and IV) has a better performance for fitting LAl which
after log transformation than the linear function (lines I and III).
The difference between lines Il and IV was repeated roots existing
in the quadratic polynomial or not. Therefore, the S-curve function
was more valid for fitting LAI than the logistic function and the
asymmetric Gaussian function.

The seasonal variation of vegetation on the Qinghai-Tibetan
Plateau in fewer area has two peaks in a given year (Fig. 2a). But
in most area, the unique peak is dominant in a given year (Fig. 2b).
Therefore, we use a piecewise S-curve function to fit the LAI value
(Fig. 2b), in which the left part of the curve represents the spring
phenology and the right portion indicates the autumn phenology.
Its functional form is:

v p,q,a, b)) t<T

, (2)
yr(t;pr, Gr, ar, by ) t>T

y(t;p,q,a,b,c)= {

where y is LAI fitted value; t is time in days; y; and y; are the left-
hand-side and right-hand-side LAI fitted values, respectively; T is
time in days when LAl reaches its maximum; and (p;, q;, a;, by, ¢;) (Prs
qr, ar, by, ¢;) are the set of parameters for the left-hand-side and the
right-hand-side of the S-curve function, respectively. For obtain-
ing the parameters a;, by, cr, the ordinary least square method can
be used by inputting LAI data. The time frequency of AVHRR LAl is
half monthly, and the data point number in a year was only 24. If
the LAI time series is divided into two parts by a break point of LAI
maximum, the number in either part will be even smaller. And the
parameters obtained based on the less LAI data points are unreli-
able. The LAl fitted by S-curve function are of course less accurate
or inaccurate. So before fitting the S-curve function, the AVHRR LAI
data are needed to be interpolated to 1 day time scale first.

We then use the change rate of curvature (RCC) method of Zhang
etal.(2003) to detect the vegetation phenology. First, the curvature
of the S-curve function is calculated:

y//
k=—2 | (3)
(1+y2)*2

The variable y’ ory” is the first or second derivative of the S-curve
function, respectively, as in Egs. (4) and (5):

/ pz(2at + b)
= _pasers 4
Y (1+2) (4)
2
y//:_pz(zat"rb) (1 —Z);i—Za(l+z)’ (5)
(1+2)

where z = eat* +bt+c,

The RCCis calculated based in Eq. (3). The two minima of the RCC
are shown in Fig. 2b. The timing of the second minima of the RCC
(rccr inFig. 2b) can represent the EGS. In contrast to the direct use of
the extreme value of the curvature, the EGS values obtained using
this RCC method are later than the former and are much closer
to the real end dates of the vegetation growing season. Finally,
the EGS values of all pixels for the Qinghai-Tibetan Plateau can
be calculated using the RCC method.

2.4. Validation

Validation of remote sensing retrievals is an important but dif-
ficult task. In particular, due to the lack of the in situ phenology
observational data for autumn in the Qinghai-Tibetan Plateau, it
is difficult to validate the accuracy of the retrieved results of EGS.
However, the accuracy of the retrieved results can be alternatively

determined by observed GPP data. GPP is the rate at which the veg-
etation captures and stores a given amount of chemical energy as
biomass in a given length of time. However, GPP is largely depend-
ent on the synthesis of organic material by the vegetation, i.e., green
leaves of vegetation must be present. In autumn, when leaves begin
falling, GPP decreases and reaches its minimum when the leaves
have all fallen.

Moreover, the method of comparison with previous studies is
also used to help justify the rationality of our retrieved results of
EGS.

2.5. Correlation and trend analysis

To analyze the relationship between EGS and altitude through-
out the entire plateau, the “Reclassify” tool in ArcGIS of version 9
was used to reclassify the DEM by equal interval method (100 m)
to create the reclassification map first, which was noted as DEMc.
Then, the mean of EGS during 1982-2011 was calculated and noted
as EGS. After that, the corresponding EGS was extracted by the
meadow vegetation type and noted as EGS peadow- Finally, the “Zonal
Statistics” tools in ArcGIS was used to get the relationship between
EGS and altitude by inputting DEM;c and EGSeadow- Next, a sim-
ple linear regression model was used to calculate the trend of
EGS changes along altitude. And the Pearson correlation coefficient
approach was used to calculate the correlation between them.

To study the relation between EGS spatial changes and climate
factors, the mean of monthly air temperature, monthly total pre-
cipitation and monthly sunshine duration at each meteorological
station during 1982-2011 was calculated respectively first, and
separately noted as T;, P;, H; (the subscript i is the meteorological
station ID). Then, the mean of EGS during 1982-2011 was calcu-
lated, and noted as EGS. After that, the corresponding EGS (noted as
EGS;, the subscript i is the meteorological station ID) at each meteo-
rological station was obtained from EGS using the coordinates (lat,
lon) of the station. Finally, the simple linear regression method
and the Pearson correlation coefficient were both used to ana-
lyze the relationships of the array (..., EGS;_1, EGS;, EGS; 1, ...)
with the array (..., Tj_1, Ti, Tizqs -, (oo Piq, Py, Piq, .. .), and
(...,Hi_1,H;, H,q, ...), respectively (the subscript i traversed all
stations ID).

To detect the trend turning points of EGS during 1982-2011
at the regional scale, the Mann-Kendall (MK) method (Gocic and
Trajkovic,2013; Hamed and Rao, 1998; Mann, 1945) was used. Then
the sub-periods were divided by those trend turning points. And
the tends of EGS annual changes using the simple linear regression
methods were analyzed during these subperiods.

To analyze the relation of annual EGS changes with climate
factors, first using the coordinates (lat, lon) at individual mete-
orological stations, the corresponding EGS noted as EGS;; (the
subscript i is the meteorological station ID, the subscript j is
year) of the station during 1982-2011 was obtained. Then, the
mean of EGS;; for all stations was calculated for each year, and
noted as ECSj (the subscript j is year). After that, the mean of
monthly air temperature, monthly precipitation, monthly sun-
shine duration for all stations was calculated for each year,
respectively, and separately noted as T;, P; and H; (the sub-
script j is year). Finally, the simple linear regression method and
the Pearson correlation coefficient were both used to describe
the relationships of the array (..., EGS; q,EGS;, EGSjy1,...)
with the array (..., Tj_1,Tj, Tjyq1,...). (..., Py, P, Pjyq,...) and
(....Hj_1,H;,Hj;1, ...), respectively (the subscript j is year and
varies in different study periods).

Moreover, a simple linear regression model was also used to
analyze the comparison between AVHRR LAl and the LAI fitted using
S-curve function.
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Fig. 3. Spatial distribution of the end dates of the growing season (EGS) averaged from 1982 to 2011 on the Qinghai-Tibetan Plateau.

In addition, a t test was used to test the significance of the sim-
ple linear regression coefficients and correlate coefficient, and p
values <0.1, 0.05 and 0.01 are considered to be significant at the
low, middle and high levels, respectively.

3. Results
3.1. Spatial patterns of the EGS

The spatial distribution of the EGS averaged over the last 30
years throughout the Qinghai-Tibetan Plateau is shown in Fig. 3.
Overall, the EGS values range between early September and mid-
October. The EGS date gradually decreased from southeast to
northwest. The profiles of EGS spatial patterns are in agreement
with the approximate vegetation distributions as shown in Fig. 1,
especially for meadows. This is consistent with previous studies
(such as Ding et al., 2012; Jin et al., 2013). Furthermore, the sta-
tistical analysis of EGS based on the vegetation type indicates that
the EGS of meadow areas occurred in mid-September and mid-
October and was later than in steppe areas, where the EGS starts
in early September and mid-September. These results indicate that
vegetation EGS was closely related to the vegetation type.

The spatial distribution of EGS also correlated with terrain. The
meadow EGS changes with altitude negatively correlated with the
DEM (12 =0.47, p<0.001, Fig. 4). The EGS was progressively earlier
withincreasing altitude, moving up by 3 days per 1000 m. This value
is higher than the findings of Ding et al. (2012), who reported the
EGS was advanced (the term ‘advance’ here and below means ‘the
date of EGS occurs earlier’) by 1 day per 1000 m. The EGS changes at
each altitude level are also evident, especially when the elevation
is less than 4100 m (Fig. 4), suggesting that the distribution of the
EGS may also be influenced by other factors, such as climate.

The linear correlation between the EGS and monthly climate
factors is shown in Table 1. We observed a positive correlation
between the EGS and monthly air temperature. In September, the
correlation was highly significant (p <0.01). In addition, this corre-
lation in August had a mid-level significance (p <0.05). However, in
June and July, the correlation had a low significance (p <0.1). Com-
pared with air temperature, precipitation was a more important
driver regarding the spatial distribution of the EGS. A significantly
positive correlation (p < 0.05) between the EGS and monthly precip-
itation can be clearly seen in Table 1 with the exception of August
(p<0.1). Among all climate factors, sunshine duration was the dom-
inant factor. The EGS was gradually advanced as the sunshine
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Fig. 4. The changes with altitude of area-averaged end dates of the growing season
(EGS) of the meadow during 1982-2011. Error bars show standard deviation (SD)
of EGS at each altitude level.

duration increased, with the EGS advancing by approximately 3
days per 10 h.

3.2. Inter-annual variations in the EGS

3.2.1. Changes at the regional scale

The inter-annual variations of EGS at the regional scale from
1982 to 2011 are illustrated in Fig. 5. During the entire study
period, the positive EGS trend for all vegetation types was insignif-
icant (slope=0.041dayyr-1,r2=0.103, p=0.084). The positive EGS
trends for meadow and steppe vegetation were also insignifi-
cant (Fig. 5). To evaluate the long-term changes in the EGS, we

Table 1

Coefficients of correlation (r) between the spatial patterns of the end dates of the
growing season (EGS) and monthly climate factors for the 46 valid meteorological
stations shown in Fig. 1.

Climate factors June July August September
Air temperature (°C) 0.281° 0252 0.290 0395
Precipitation (mm) 0.337 0.369 0.260 0.480°
Sunshine duration (h) -0.738" -0.816" -0.792" -0.694"

" Indicates low significance level (p<0.1).
" Indicates middle significance level (p <0.05).
" Indicates high significance level (p<0.01)
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Fig. 5. Inter-annual variations of area-averaged end dates of the growing sea-
son (EGS) of the meadow, steppe and all vegetation on the Qinghai-Tibetan
Plateau during 1982-2011. The black solid line shows the trend for all vegetation
types (slope=0.041dayyr—', 2 =0.103, p=0.084). The black dotted line shows the
trend for meadow vegetation (slope =0.033 day yr—', r2 =0.045, p=0.259). The black
dashed line shows the trend for steppe vegetation (slope =0.022 day yr~!, 12 =0.037,
p=0.305).

calculated the EGS trend turning points for all vegetation
types using the MK trend test method. As shown in Fig. 6,
three distinctly different trends during 1982-1994, 1994-1999
and 1999-2011 were identified. The EGS was clearly delayed
(slope=0.155dayyr—!, r2=0.293, p=0.045) prior to the year 1994.
Subsequently, the EGS was advanced (slope=-0.373dayyr!,
r2=0.595, p=0.049) until the year 1999. During the last
period (1999-2011), the EGS was again gradually delayed
(slope=0.096dayyr~1, r2=0.097, p=0.3). Similar trends were also
observed for the meadow and steppe before and after the turning
points (1994 and 1999).

3.2.2. Spatial patterns of trends in EGS

The spatial patterns of trends in the vegetation EGS are described
in Fig. 7. There was a strong spatial heterogeneity throughout the
plateau for the four different periods. During the entire study period
(Fig. 7a), the trend was not obvious but increased slightly. The pixels
below —0.1dayyr—! account for 13.8% of the total; those varying
from —0.1 day yr—! to 0.1 day yr—! account for 62.0% of the total, and
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Fig. 6. Trends of annual changes of end dates of the growing season (EGS) for all veg-
etation types during 1982-2011 on the Qinghai-Tibetan Plateau. The trend turning
points determined by the Mann-Kendall test are the years of 1994 and 1999.

those pixels above 0.1dayyr—! account for 24.2% of the total. The
pixel for which the declining trend was significant (<—0.1 dayyr—1,
p<0.05) corresponds to approximately 4.1% of the total, and these
pixels were dispersed throughout the study area. The area with
a significant increasing trend (>0.1 dayyr—1, p<0.05) accounts for
approximately 9.3% of the total and is distributed mainly in the
easternregion of the plateau, including most of the Changdu, Yushu
and Naqu Prefectures.

During the period of 1982-1994, the significant increasing trend
through the plateau can be observed (Fig. 7b). The pixels greater
than 0.1 day yr—! account for 54.4% of the total, and the pixels less
than —0.1dayyr~! only account for 22.0% of the total. Moreover,
pixels having a significant increasing trend (>0.1 day yr~!, p<0.05)
account for approximately 11.0% of the total and were mainly dis-
tributed east of the plateau and southeast of Yushu, Naqu and
Ali Prefectures and north of Shannan Prefecture; these pixels are
4-fold more numerous than those showing a significant decline
(<=0.1dayyr—1, p<0.05).

For the period of 1994-1999, there was a clear decreasing
trend throughout the entire plateau. As shown in Fig. 7c, 54.3%
of pixels have values less than —0.1dayyr~!, and these pixels
are approximately 1.5-fold more numerous than those greater
than 0.1dayyr~!. In addition, the proportion of significantly
decreasing pixels (<—0.1dayyr~!, p<0.05) is 8.0%; these were
mainly distributed in Guoluo, Yushu, Changdu and southeast of
Naqu Prefecture and are 2-fold more abundant than the signifi-
cantly increasing pixels (>0.1 dayyr—1, p<0.05).

For the final period corresponding to 1999-2011, increasing and
decreasing trends were observed (Fig. 7d). Approximately 39.9% of
pixels on the plateau have an increasing trend, and approximately
31.2% of pixels show a decline. Based on the trend significance
(p<0.05) test, approximately 5.6% of pixels show an increasing
trend, which is slightly higher than the proportion of pixels having
a decreasing trend.

3.2.3. Correlation with climate factors

To understand the inter-annual variations of the EGS for differ-
ent study periods, as mentioned above, the relationship between
the annual change of the EGS and climate factors was analyzed.
The correlations between the EGS and climate factors are diverse
among the various months for different study periods (Table 2).

During the study period (1982-2011), the correlation between
the EGS and air temperature is positive in June and September but
negative inJuly and August. However, none of these correlations are
significant. At the same time, the correlation between the EGS and
precipitation is negative in June and September but positive in July
and August; however, the correlation in June and August has a low
level of significance (p <0.1). The correlation between the sunshine
duration and EGS is positive in June and September but negative in
July and August. Similar to the precipitation, the correlation in June
and August has a low significance (p<0.1).

During other study periods, the influences of climate factors on
the EGS are very complex (Table 2), although the negative effects
of air temperature and sunshine duration on vegetation growth in
summer and positive effects in autumn can be identified. In addi-
tion, the positive effects of precipitation on vegetation growth in
summer and negative effects in autumn can also be identified.

4. Discussion
4.1. Validation of the EGS
As shown in Fig. 8a, there is a high level of consistency between

the retrieved EGS result and the minima of the observed GPP in
autumn. In addition, the AVHRR LAI and the fitted value of the
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Fig. 7. Spatial patterns of trends at the end of the growing season (EGS) for four periods.

S-curve function are compared in Fig. 8b. The scatter plot between
these data (slope =0.972,%2=0.95, p <0.001) shows that the S-curve
function has a great advantage in fitting the LAI data, and LAI vari-
ation in autumn also demonstrates the high accuracy of the EGS
retrieved results.

In addition, the accuracy of the EGS retrieved results in this
study was also assessed by comparison with previous studies. For
example, the timing of the EGS (Fig. 3) throughout the plateau aver-
aged over the past 30 years is similar to the previous findings of
other studies (e.g. Ding et al., 2012; Jin et al., 2013; Yu et al., 2010).
At the regional scale, the trend in the annual changes of the EGS
during the period of 1982-1994 (Fig. 6) is in agreement with the
results of Piao et al. (2006), who illustrated the vegetation autumn
phenology of alpine meadows and tundra distributed mainly on
the Qinghai-Tibetan Plateau from 1982 to 1994. In the following

Table 2

period of 1994-1999 (Fig. 6), the trend is also in agreement with the
results of Piao et al. (2006). In the last period of 1999-2011 (Fig. 6),
the trend is in accordance with the findings of Ding et al. (2012),
and only the rate of increase (slope =0.096 day yr—1) is lower.
Admittedly, this qualitative examination of retrieved EGS values
is less accurate than the quantitative analyses. However, it is the
best and only available method when observational data are lack-
ing. Such a situation occurs not only in this work but also in many
other studies (Jeong et al., 2011; Piao et al., 2006, 2011; Shen et al.,
2011).Moreover, even if we have in situ observational data, the vali-
dation of retrieved results remains quite difficult due to enormous
spatial-scale differences between datasets (Shenetal.,2011; Zhang
and Goldberg, 2011). Therefore, as indicated by many studies, to
adequately validate satellite-derived phenological metrics, studies
(i.e., collecting the phenological observation data, and up-scaling

Coefficients of correlation (r) between the annual changes in the end dates of the growing season (EGS) and the monthly climate factors for the 46 valid meteorological

stations shown in Fig. 1 from 1982 to 2011.

Climate Factors Periods June July August September
1982-2011 0.130 -0.181 —0.060 0.160
Air temperature (°C) 1982-1994 0.789" 0.287 —0.387 0.093
p 1994-1999 0.664 —0.661 -0.850" 0.461
1999-2011 —0.305 —-0.313 0.230 0.353
1982-2011 -0.339 0.169 0.321 -0.169
Precipitation (mm) 1982-1994 —-0.530° —0.022 0.470 —0.291
ecipttatio 1994-1999 -0235 0.105 0237 0301
1999-2011 —0.248 0.308 0.437 —0.206
1982-2011 0.313° —0.064 -0.313 0.238
Sunshine duration (h) 1982-1994 0.421 -0.177 —0.352 0.087
1994-1999 0.168 0.117 -0.335 -0.036
1999-2011 0.366 -0.119 -0.572 0.367

" Indicates low significance level (p<0.1).
" Indicates middle significance level (p <0.05).
" Indicates high significance level (p<0.01)
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Fig. 8. Validation for the end date of the growing season (EGS) by applying the
observed gross primary production (GPP) data at the Haibei eddy flux tower site
(position: 37.08° N lat; 101.08° E lon; year: 2004) (a), and the comparison between
the AVHRR LAI and the fitted value of the S-curve function at the same site (b). The
three types of GPP and LAI data are all processed using cubic spline interpolation.
The yR is the fitted value of the right S-curve function.

the observed data from the individual plant to landscape level)
based on ground observations must be performed in the future.

4.2. Influences of climate factors on the EGS

This paper presents the spatial and temporal variations of EGS
on the Qinghai-Tibetan Plateau.

First, regarding the spatial variation of EGS, it is well known
that air temperature affects the phenological development of plants
(Snyder et al., 2001), and a positive correlation between EGS and
monthly air temperature was observed (Table 1). Furthermore,
this correlation in September is highly significant (slope =2.148,
p=0.007). In the Qinghai-Tibetan Plateau, the highest monthly air
temperatures occur from June to August. The vegetation grows
rapidly during this period, and the LAI reaches its peak in August.
Therefore, the air temperature in this phase has a weak effect on
the EGS. From September, the air temperature begins to decline.
Because leaf senescence related to temperate is mainly modulated
by cumulative cold temperatures below a certain threshold tem-
perature (Jeong et al., 2011; Richardson et al., 2006), a warmer air
temperature in autumn can lead to a delay in the EGS. Thus, based
on the spatial distribution of the air temperature in September
(declining from southeast to northwest), the vegetation density
displays corresponding changes (Zhong et al., 2010), and the EGS
displays similar spatial patterns.

Compared with air temperature, the impact of precipitation on
the EGS is much stronger (Table 1). As noted by Zhou et al. (2007),
spatial variation in vegetation is mainly affected by precipitation
in this area. On the Qinghai-Tibetan Plateau, the maximum pre-
cipitation occurs mainly in July and August. From June to August,
the vegetation grows vigorously due to warm temperatures and

an adequate supply of water. After August, with decreasing pre-
cipitation, the importance of precipitation for vegetation growth
becomes increasingly important. Therefore, because of the spa-
tial distribution of the precipitation (decreasing from southeast to
northwest (Ye et al., 2013)), the EGS also presents similar spatial
patterns.

At the same time, the sunshine duration also plays an important
role in the spatial distribution of the EGS (Table 1). The signifi-
cantly negative correlation between the EGS and monthly sunshine
duration is in agreement with the findings of Mao et al. (2007),
who reported a significant negative correlation between the NDVI
and sunshine duration. Due to the high elevation and small extent
of cloud cover on the Qinghai-Tibetan Plateau, illumination is
very abundant. However, excessive sunshine may increase surface
evapotranspiration, which aggravates the drought conditions of
the plateau. Moreover, the excessive solar radiation produced by
excessive sunshine also inhibits vegetation growth. Thus, the EGS
displays an inverse relationship with the spatial distribution of the
sunshine duration (increasing from southeast to northwest) (Hua
et al., 2009).

The correlations between climate factors and the temporal vari-
ation of the EGS are very complex (Table 2). These correlations
indicate that in July and August, the air temperature may restrain
the vegetation growth, whereas in June and September, the oppo-
site effect occurs. As is observed for the sunshine duration. But
precipitation has an opposite effect compared to air temperature.
The regression analyses indicate that the influence of the monthly
air temperature on the annual changes in the EGS is limited dur-
ing the overall study period, as is observed during the period of
1999-2011. However, from 1982 to 1994, there is a significant pos-
itive correlation between annual changes in the EGS and the air
temperature in June. In June, the air temperature averaged over
this 13-year period is approximately 11.1°C and increases at a
rate of 0.042 °Cyr—1. With increasing air temperature, the suitable
temperature can enhance the development of plants after revival
during this phase. Therefore, the EGS of plants, which are healthy
and strong in this phase, may occur later in the following autumn.
During the period of 1994-1999, the annual changes in the EGS
were mainly influenced by the air temperature during August. The
averaged air temperature was approximately 12.3 °C and increased
atarate 0of0.025°Cyr~! during this period. With increasing air tem-
perature, the higher temperature may result in a decreased water
content in the soil and plants, which thus restricts the vegetation
growth and leads to an advanced EGS in autumn.

In contrast to air temperature, precipitation is essential for plant
growth. During the entire study period, there was a low signifi-
cant correlation between precipitation and annual changes in the
EGS in June and August (Table 2). In June, the precipitation aver-
aged over 30 years was approximately 67.8 mm. A strong trend was
not evident during this period. The precipitation usually reached
its annual peak In August. The mean precipitation for the 30-year
period is approximately 79.7 mm with a low significance (p = 0.076,
slope =0.567 mmyr~!). Therefore, the increasing precipitation may
promote effective vegetation growth and then delay the senes-
cence of vegetation in the following September. During the period
of 1982-1994, the low-significance correlation only occurs in June,
which has the highest correlation level of all months. In this period,
the precipitation level slowly decreased. However, the precipita-
tion continued to facilitate plant growth when the air temperature
was suitable. For the periods of 1994-1999 and 1999-2011, no sig-
nificant correlation was found. However, the air temperature, as
discussed above, and the sunshine duration played important roles
in the annual variations in the EGS during these two periods.

During 1982-2011, the correlation between the annual changes
in the EGS and the sunshine duration showed a low significance
level in June and August. The sunshine duration trend is not
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obvious in June (slope=—-0.227 hyr~!, p=0.11) but is significant in
August (slope=—0.187 hyr~!, p=0.008). Thus, the decreased sun-
shine duration in August not only weakens the solar radiation
but also regulates the level of soil surface evaporation to main-
tain vegetation survival. During the following two sub-periods
(1982-1994 and 1994-1999), the influence of the sunshine dura-
tion on annual variations in the EGS was limited with no significant
correlations, whereas during the last period of 1999-2011, there
was a low-significance correlation with the sunshine duration in
August. However, the trend of sunshine duration during this period
was not evident.

Many studies have been conducted on the relationship of phen-
ology with climate factors, although few studies have reported on
the influences of climate factors on autumn phenology. Autumn
phenology is a more complex process than spring phenology
(Chmielewski and Rotzer, 2001), and achieving a sufficient under-
standing of the long-term autumn phenology variations is very
difficult (Jeong et al., 2011). Our results only present an approxi-
mate correlation between climate factors and the EGS to explain
the EGS variations. These detailed relationships require further
analysis. In addition, the EGS variations may be affected by other
factors, such as extreme weather events, grassland degradation,
thawing-freezing processes, human activities and their combined
effects. Therefore, these factors must also be considered in future
work.

4.3. Uncertainties of the results

Although our results on the spatial and temporal variations of
EGS are similar to those of previous studies, the differences among
them should not be ignored. These differences may be attributed to
variations in the study areas, study periods, datasets and methods
for deriving the phenology.

Inconsistencies due to the use of different study areas were
discussed in the introduction of this paper. Study period differ-
ences usually affect the trends of inter-annual changes in the
EGS. It is clear that the trends in the phenology time series data
vary with the length of data series. This variation is most evi-
dent when a phenology turning point is observed. Therefore, the
trends derived from long-term EGS data should be more reliable
than those from short-term data. The time scale of our results
spanned 30 years, which is longer than any previous studies (Ding
et al., 2012; Jin et al,, 2013; Piao et al,, 2006; Yu et al., 2010).
Therefore, the uncertainties of our results should be smaller. The
uncertainties of the EGS are also correlated with datasets. Based on
previous studies, uncertainty has been shown to generally involve
AVHRR NDVI data, MODIS (moderate resolution imaging spectrora-
diometer) NDVI data and SPOT-VGT NDVI data. Many studies have
reported that spring phenology trends derived from AVHRR and
MODIS data differ enormously over the past decade (Ding et al.,
2012; Zeng et al., 2011; Zhang et al., 2013). In addition, differences
in the autumn phenology derived from AVHRR and MODIS data
are clear (Zeng et al., 2011). Based on the temporal frequency and
spatial resolution, MODIS (8-day interval, 1km resolution) data
and SPOT-VGT (10-day interval, 1km resolution) data are supe-
rior to AVHRR data. However, for long-term series, AVHRR data
are unique and undoubtedly the most reliable. Many methods are
used to retrieve vegetation phenology from satellite data, although
none of them have been universally validated. In addition, a com-
prehensive inter-comparison and interpretation of those methods
has not been conducted (White et al., 2009). Thus, the selection of
a robust method to retrieve phenology is urgently needed (White
et al,, 2009). In this paper, we used the S-curve function, which
integrates a logistic function and an asymmetric Gaussian func-
tion, to fit the LAI data and use the rate of change in the curvature

(RCC) to determine the end dates of the growing season. Compared
with the logistic function and asymmetric Gaussian function, the S-
curve function showed a better performance for fitting the LAl data.
Therefore, the EGS recognition capability of the EGS based on the
S-curve function is higher than of the other functions. In addition,
because the RCC method does not require the parameters before-
hand, in contrast to the threshold method, it can reduce the bias
due to human subjective factors. However, due to the absence of
in situ phenological observation data, it is difficult to thoroughly
evaluate the retrieval results of the S-curve function.

Furthermore, the climate data used in this paper were obtained
from in situ data. Although these data can provide accurate mete-
orological information, when we estimate regional features using
such data, uncertainty is inevitable due to the complexity of the
underlying surface of the entire plateau.

5. Conclusion

In this study, we used the rate of the change in the curvature
of the S-curve function to extract the end dates of the growing
season from a long-term series of AVHRR LAI data. We then deter-
mined the spatial and temporal variations of the EGS. The following
conclusions are drawn:

(1) The vegetation EGS, averaged from 1982 to 2011,occurred
between early September and the middle of October on the
Qinghai-Tibetan Plateau. The EGS gradually decreased from
southeast to northwest.

(2) The spatial patterns of the EGS were closely related to the veg-
etation type, the terrain and climate factors. With increasing
altitude, the EGS advanced at a rate of approximately 3 days per
1000 m. In addition, the spatial distribution of the EGS varied in
accordance with the patterns of air temperature and precipita-
tion but showed an inverse trend with respect to the sunshine
duration.

(3) The trend of EGS delaying at the regional scale was less
pronounced throughout the study period. By analyzing the
trend turning point, we found that the EGS was significantly
delayed during the first period (1982-1994) at a rate of 2 days
per decade, and during the following period (1994-1999), it
advanced at a rate of 4 days per decade. However, from 1999 to
2011, the EGS was non-significantly delayed again at a rate of
1 day per decade.

(4) The spatial patterns of the trends of EGS annual changes
were diverse during the different periods. From 1982 to 2011,
the EGS trend increased slightly but not significantly. During
1982-1994, the area having pixels with an increasing trend is
large, and pixels with a significant increasing trend are mainly
distributed east of the plateau, southeast of the Yushu, Naqu
and Ali Prefectures and north of the Shannan Prefecture. Dur-
ing the period of 1994-1999, a decreasing trend was readily
observed. In addition, pixels having a significant decreasing
trend are mainly located in Guoluo, Yushu, Changdu and south-
east of the Naqu Prefecture. For the last period of 1999-2011,
increasing and decreasing trends are both apparent, although
their distributions are scattered.

(5) An analysis of the correlation between annual changes in the
EGS and climate factors revealed that the former negatively
correlated with precipitation (p<0.1) in June, but positively
with precipitation (p <0.1) in August during 1982-2011. As the
same time, the former also positively correlated with sunshine
duration (p <0.1)inJune, yet negatively with sunshine duration
(p<0.1) in August. The correlation between annual changes of
EGS and monthly air temperature was not found during this
phase. During 1982-1994, the annual changes of EGS positively
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correlated with air temperature (p<0.01) and negatively with
precipitation (p<0.1) in June. During 1994-1999, the annual
changes of EGS only negatively correlated with air temperature
(p<0.05) in August. During 1999-2011, the annual changes of
EGS only negatively correlated with sunshine duration (p<0.1)
in August.
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