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ABSTRACT

The variation of the vegetation growing season in the Three-Rivers Headwater Region of the Tibetan Plateau has recently
become a controversial topic. One issue is that the estimated local trend in the start of the vegetation growing season (SOS)
based on remote sensing data is easily affected by outliers because this data series is short. In this study, we determine that
the spring minimum temperature is the most influential factor for SOS. The significant negative linear relationship between
the two variables in the region is evaluated using Moderate Resolution Imaging Spectroradiometer—Normalized Difference
Vegetation Index data for 2000—13. We then reconstruct the SOS time series based on the temperature data for 1960-2013.
The regional mean SOS shows an advancing trend of 1.42 d (10 yr)~! during 1960-2013, with the SOS occurring on the
160th and 151st days in 1960 and 2013, respectively. The advancing trend enhances to 6.04 d (10 yr)~! during the past 14
years. The spatiotemporal variations of the reconstructed SOS data are similar to those deduced from remote sensing data
during the past 14 years. The latter exhibit an even larger regional mean trend of SOS [7.98 d (10 yr~!)] during 2000—13. The
Arctic Oscillation is found to have significantly influenced the changing SOS, especially for the eastern part of the region,
during 2000-13.
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1. Introduction

Vegetation plays a key role in the terrestrial ecosystem.
For example, changes in the vegetation growing season influ-
ence crop yields (Chmielewski et al., 2004; Peng et al., 2004),
water cycling (Peterson et al., 2002; Barnett et al., 2005) and
carbon cycling (Piao et al., 2007, 2011a), and hence provide
feedback to climate change (Shen et al., 2015). Therefore,
it is important to monitor the interannual and seasonal varia-
tions of vegetation for eco-environmental assessment (Chen
et al., 2011a). The Three-Rivers Headwater Region (TRHR)
is in the hinterland of the Tibetan Plateau, which fosters the
Yangtze, Yellow and Lancang rivers with important ecologi-
cal functions (Hu et al., 2011; Luo et al., 2014). Detection of
shifts in the TRHR growing season has become an increas-
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ingly interesting topic from the perspective of climate change
under global warming (Liu et al., 2004; Zeng et al., 2011).
In general, the annual variation of the vegetation grow-
ing season in the mid-to-high latitudes depends mainly on
the date of the start of the vegetation growing season (SOS;
Linderholm, 2006), as opposed to the end of growing sea-
son (Piao et al., 2007; Piao et al., 2011a; Song et al., 2011).
In recent years, studies of vegetation seasons in the TRHR
have focused on the SOS dates (Song et al., 2011; Wang et
al., 2013a; Liu et al., 2014b). These studies often used the
phenological definition of growing seasons based on satellite
remote sensing data of the normalized difference vegetation
index (NDVI), owing to their fine spatial resolution (Liu et
al., 2004; Yu et al., 2010; Ding et al., 2013; Zhang et al.,
2013a). However, the satellite data record is short for study-
ing long-term trends of change. Many studies have investi-
gated the relationship between SOS and other variables such
as temperature (Root et al., 2003; Piao et al., 2006; Jeong
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et al., 2011), precipitation (Piao et al., 2011b; Shen et al.,
2014), snow depth (Zhang et al., 2013b) and altitude (Shen
et al., 2014). It has been evidenced that the negative correla-
tion between the spring temperature and SOS is particularly
significant in the TRHR (Piao et al., 2011a; Tian, 2015). de
Beurs and Henebry (2008) reported that the negative correla-
tion between SOS in the Asian part of northern Eurasia and
atmospheric circulation such as the Arctic Oscillation (AO)
is significant. Whether and how the AO exerts influence on
SOS in a particular region such as the TRHR remains an in-
teresting and open topic.

It is notable that previous results regarding the trend of
SOS during the last decade on the Tibetan Plateau remain
controversial. For example, some researchers have reported a
continuous advancement in SOS on the Tibetan Plateau dur-
ing 1982-2011 (Song et al., 2011; Zeng et al., 2011; Zhang
et al., 2013a), whereas others have argued that there is no ev-
idence to indicate such a conclusion (Shen et al., 2013). In
particular, Shen (2011) reported an SOS-delaying trend from
1998 to 2003 and an advancement from 2003 to 2009, based
on Systeme Pour I’Observation de la Terre Vegetation (SPOT-
VGT) NDVI data.

Three issues are relevant to this controversy. First, the
quality of the Advanced Very High Resolution Radiometer
(AVHRR) NDVI data (since 1982) is not as good as that of
SPOT-VGT NDVI data (since 1998) and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) data (since 2000),
as discussed by Zhang et al. (2013a), particularly for alpine
steppe and alpine meadow regions during 2001-06. Second,
although better-quality NDVI data from MODIS and SPOT-
VGT have been available since 2000 and 1998 respectively
(Shen, 2011; Song et al., 2011; Zhang et al., 2013a; Shen et
al., 2014), the time series of these datasets are still too short
for robust estimation of long-term trends. The estimate of a
trend in vegetation activity can be easily biased by individual
outliers (Zhang et al., 2013b). Having removed these out-
liers, Zhang et al. (2013b) reported that the advancing trend
of SOS in the study region based on SPOT-VGT NDVI data
during 1998-2011 is statistically significant. Third, the SOS
dates defined using different methods can differ considerably,
and hence can influence the estimate of a trend in a time se-
ries. In fact, even if based on the same AVHRR dataset, large
uncertainty remains in estimating the phenological trend in a
region using different methods. The trend can range from 0.4
to 1.9d (10 yr)_1 in China (Cong et al., 2013).

The main objective of the present study is to incorporate
long-term series of local temperature records to investigate
the long-term trend of SOS in the TRHR during 1960-2013
by using a novel method of time series analysis to define SOS,
and understand the changes in SOS during the last decade as
part of the long-term series of SOS. A preliminary analysis
of the effect of the AO on the long-term series of SOS in the
TRHR is made to understand the possible driving mechanism
via large-scale atmospheric circulation. The data and meth-
ods used are described in section 2; the results are illustrated
in section 3; and the conclusions and further discussion are
given in section 4.
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2. Data and methods

2.1. Data

The daily mean/maximum/minimum surface air temper-
ature (Tmean/Tmax/Tmin) records from 28 National Standard
Stations in the TRHR (31°39’-36°16’N, 89°24’-102°23’E)
during the period 1960-2013 are used in this study. The al-
titudes of all the stations are between 1800 m and 4500 m
(Fig. 1). This dataset has been homogenized and updated by
Li and Yan (2009).

The NDVI data used in this study is the MODIS-NDVI
product MODI3C1, which can be retrieved from the online
Data Pool of the NASA Land Processes Distributed Active
Archive Center at https://lpdaac.usgs.gov/dataset_discovery/
modis/modis_products_table/mod13cl. This dataset has a
spatial resolution of 0.05° % 0.05° and a temporal resolution
of 16 days for the period 2000-13. The average NDVI val-
ues within a box area of 1° latitude x1° longitude, centered
at each temperature station, are applied.

The AO index is defined as the mean deviation from the
average sea level pressure measured throughout the North-
ern Hemisphere at longitudes north of 20°N (Thompson and
Wallace, 1998). It is obtained from the NOAA Climate Pre-
diction Center (www.cdc.noaa.gov/correlation/ao.data). The
mean AO data in winter (December—January—February) and
spring (March—April-May) during 1960-2013 are used.

2.2. Method
2.2.1.

Several methods can be used to determine the SOS date
from the seasonal variation in NDVI for one year (Lloyd,
1990; Reed et al., 1994; White et al., 1997; Yu et al., 2003;
Zhang et al., 2003). In the present study, the SOS date is
defined in a manner similar to that reported by Piao et al.
(2006). First, the 14-year-average seasonal cycle of NDVI
is calculated for the entire study area. Second, a threshold
of NDVI is defined at the time when the rate of change in
NDVI reaches its maximum in the mean annual cycle. For
each year, the SOS date is defined as the first day when the
value of NDVI exceeds this threshold. The rate of change in
NDVI is calculated as

Determining the SOS date

NDVI,4i0(f) = [NDVI(z + 1) - NDVI(»)]/NDVI(#), (1)

where ¢ is time (temporal resolution of 16 days). Piao
et al. (2006) analyzed biweekly NDVI time series data from
January to September to determine the SOS dates for each
year. We apply the ensemble empirical mode decomposi-
tion (EEMD) method to filter out the seasonal cycles from
the NDVI series, rather than the polynomial function used
by Piao et al. (2006). EEMD is a type of time-varying al-
gorithm used for analyzing nonlinear and nonstationary time
series such as those of climate (Huang et al., 1998; Huang
and Wu, 2008; Qian et al., 2010; Yan et al., 2011; Xia and
Yan, 2014). In this study, we apply the EEMD method to ex-
tract the seasonal component of NDVI datasets and smooth
the NDVI data within 16-day windows. The specific steps
are described in Qian et al. (2010). Figure 2 shows a better
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Fig. 1. Temperature observations recorded at 28 National Standard Stations. The 17 green
points indicate stations satisfying the criterion for reconstruction outlined in section 2.2.2. The
8 yellow points indicate the stations used after further data processing outlined in section 3.2.2.
The 3 red points indicate the stations eliminated in section 3.2.2.

fit of the multi-year average NDVI seasonal curve based on
EEMD than that obtained by the six-degree polynomial func-
tion, which influences the determination of the SOS date. The
procedure and algorithm of EEMD are summarized in Qian et
al. (2010), Wu and Huang (2011), and Huang and Wu (2008).
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Fig. 2. Multi-year average NDVI seasonal cycle fitted using
EEMD (red) and a six-degree polynomial function (green) for
station 52868. The blue points indicate the original NDVI data.
The horizontal black line indicates the threshold of NDVTI at the
time when the rate of NDVI change reaches its maximum in the
mean annual cycle. The vertical lines show the SOS based on
the EEMD fitting (red) and the six-degree polynomial function
fitting (green) multi-year average NDVI seasonal cycle. The en-
larged portion of the image shows that the SOS based on EEMD
(red) is closer to the original NDVI data (blue points).

2.2.2. Establishing a linear relationship between spring
temperature and SOS

In general, the pre-season temperature has a strong cor-
relation with SOS (Yu et al., 2003; Piao et al., 2011a; Xia
et al., 2013, 2015). For each station, we choose the mini-
mum value of the SOS date during 200013 as the base day.
Similar to Yu et al. (2003), we use the term “pre-season” to
refer to a period before the base day, and we analyze the cor-
relation between SOS and the mean temperature of the pre-
season period. We set the length of the pre-season (N) from
1 to 100. Then, by using the least-squares method, we cal-
culate the linear regression coefficient between SOS and the
pre-season temperature with different N values for the period
2000-13 for each station.

The results show that the number of stations with signif-
icant correlation (P < 0.1) is largest when N is set to 40. We
suggest that, for each station, if SOS and the pre-season tem-
perature, with N from 30 to 50, show a significant linear re-
lationship under the 0.1 significance level, as defined as the
criterion for reconstruction, the station qualifies for recon-
structing the SOS time series.

In addition, we define N with the largest correlation coef-
ficient as the optimal pre-season length, which is used to re-
construct the SOS time series. Thus, the optimal pre-season
length can differ among stations.

2.2.3.  Reconstructing the 50-year series of SOS

The regression coefficient (a) of SOS onto the mean tem-
perature during the optimal pre-season temperature is calcu-
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lated for each station for the period 2000-13 as

D = adT + Dy(Ty) , 2)
where Dy is the mean SOS date depending on Ty, the
mean optimal pre-season temperature; 67 is the temperature
anomaly with respect to To; and D is the SOS date corre-
sponding to the temperature. On the basis of these regression
coefficients and the optimal pre-season temperature records
for 1960-2013, we can reconstruct the SOS time series for
the same period for a given location near each station.

3. Results

3.1. T, as the main factor influencing SOS

We calculate the correlation coefficient between SOS and
the optimal pre-season temperature based on Tin, Tmax and
T'mean records. The Thin-based optimal pre-season tempera-
ture index results in the most negative correlation with SOS
for most of the stations (Fig. 3a). Figure 3b shows that the
linear correlation between regional mean SOS and the opti-
mal pre-season minimum temperature is significant. Figure
3c illustrates that the regional mean spring minimum temper-
ature during 1960-2013 has an increasing trend of 0.30°C
(10 yr)~!. The warming trend during 2000-13 enhances up
to 0.92°C (10 yr)~! and is significant at most stations. The
warming trend during the last 14 years corresponds well with
the rapid advancement of SOS during the same period.

Of all stations, 17, or 61% (Fig. 1), show a significant
(P < 0.1) linear relationship between SOS and the optimal
pre-season Tiy. Thus, for these 17 stations, the SOS time se-
ries are reconstructed on the basis of the optimal pre-season
temperature and regression coefficient a (Table 1), using the
method described in section 2.2.3.

Table 1. Linear regression between SOS and spring temperature at
17 stations. Triple, double and single asterisks indicate the correla-
tion is significant at the 0.01, 0.05 and 0.1 confidence level, respec-
tively.

Optimal pre-season Correlation
Length coefficient

y=-3.9999x+190.16 49 0.5568
y=-5.0504x+179.70 34 0.6955
y=-8.5936x+203.73 33 0.8249
y=-6.2636x+166.87 50 0.6993
y=-5.2494x+139.33 35 0.6269
y=-5.6343x+141.26 40 0.5382
y=-4.0116x+151.23 36 0.5965
y=-3.4648x+173.22 40 0.5016
y=-6.1568x+149.76 40 0.7026
y=-4.6586x+136.13 43 0.7110
y=-6.6143x+117.97 50 0.7728
y=-4.4525x+124.32 49 0.5866
y=-42704x+175.27 32 0.5352
y=-6.9842x+156.80 32 0.5993
y=-10.3040x+ 164.81 34 0.6000
y=-6.2257x+178.60 37 0.5900
y=-7.1675x+139.27 30 0.5532

Station

52818
52866***
52868
52876**
52908
52943**
56004**
56018"
56033***
56065***
56079
56080**
56106™
56167
56172
56178
56251**

Regression equation

YUET AL.

119

0.457

-
——
1

-0.457

Correlation coefficient

-0.914 1

= =

Tmin Tmean Tmax
Type of temperature data

-

[}

o
T

SOS (Day)

150 |

(b) —y=-0.083x+13.43 R?=0.77 P<0.01

0 1
Optimal preseason temperature (C)

Tmin (C)

(©) —y=0.030x-62.78 R2=0.56 P<0.01

— ~y=0.092x-186.93 R?=0.45 P<0.01

-4.5
1960

1980 2000

Year

Fig. 3. (a) Boxplot of the correlation coefficients between SOS
and the pre-season temperature for 28 stations in the TRHR dur-

ing 200013

, based on Tyin, Tmax and Tmean separately. The

bottom and top of the boxes are the lower and upper quartiles,

respectively;

the bar near the middle of the box represents the

median; and the solid points represent the outliers. The horizon-
tal line indicates the significant criterion (P < 0.1) of -0.457;
the degrees of freedom is 12. (b) Linear correlation between
mean SOS and mean optimal pre-season Ty, averaged over 17

stations. (c)

Regional mean spring Ty, series, marked with a

linear trend during 2000-13 (dotted line) and 1960-2013 (solid

lines).
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3.2. Factors influencing the SOS—temperature relation-
ship

It should be noted that 11 stations do not qualify for the
aforementioned reconstruction analysis. Considering the lim-
ited number of stations in the TRHR, we utilize as many sta-
tions as possible to obtain relatively reasonable results. We
explore the reason for the lack of an SOS—temperature rela-
tionship for these stations, and we examine the potential of
utilizing as many data sources as possible.

3.2.1. Effect of outliers

Zhang et al. (2013b) reported that the outliers of NDVI in
1998 and 2001 might considerably influence the SOS trend
estimates. In addition, outliers may also influence the regres-
sion between the optimal pre-season temperature and SOS
for the 11 unqualified stations. Figure 4 shows an example
that the trends of both temperature and SOS are statistically
significant at P < 0.1 after removing the year 2002. Hav-
ing analyzed the correlation between the optimal pre-season

31 —e—without the data in 2002
-~~~y =0.060x - 122.6 R? = 0.140 P>0.1
—*~y =0.083x - 169.7 R?= 0.271 P<0.1

Optimal preseason temperature (C)
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=
Q155
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()]
—e—without the data in 2002
1457 ---y=-0.149x + 455.3 R?=0.018 P>0.1 |
——y=-0.411x + 981.0 R?=0.225 P<0.1
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Fig. 4. The (a) Optimal pre-season temperature (7pin; 52943,
for example) and (b) SOS (56144, for example). Linear trends
are statistically significant (P < 0.1) after removing the data for
2002.
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temperature and SOS after removing each year during 2000—
13, we determined that 4 (52856, 56064, 56125 and 56146)
of the 11 stations exhibit significantly improved correlation
up to the criterion for reconstruction after removing the year
2002 (Figs. 5Sa—d). In contrast, the correlation is not enhanced
after removing any one of the other years. This suggests
possible bad records in either station temperature or remote
sensing data in the year 2002. We therefore calculate the re-
gression coefficients and reconstruct the SOS time series for
these four stations back to the 1960s, according to the revised
relation. To facilitate subsequent discussion, this method is
referred to as Method 1.

3.2.2.  Effect of local spring temperature data quality

Previous studies have reported that observed climate data
may be flawed because of artificial error, transference and
changes to instrument types (Li and Yan, 2009; Li and Yan,
2010). In this study, we define each of the 11 unqualified
stations as a base station, and we analyze the relationship be-
tween the SOS of the base station and the optimal pre-season
temperature of each of the 28 stations. Taking station 52825
as an example (Fig. 6), the correlation coefficients between
the SOS at 52818 and the optimal pre-season temperature
at adjacent stations, such as 52908, are higher and meet the
criterion for reconstruction, whereas that between the SOS
and local optimal pre-season temperature at the same station
(52818) does not. This result could be due to temporally
flawed local observation records at this station. Therefore, we
use the temperature data at the adjacent station, 52908, which
exhibits the highest correlation, to replace those at 52818 for
calculating the regression coefficients and reconstructing the
long-term SOS series during 1960-2013 for station 52818.
We refer to this method as Method 2. Similarly, we apply
this method to 7 out of the 11 unqualified stations to recon-
struct the local long-term SOS series (Table 2).

Having applied the aforementioned two methods for ex-
cluding the influence of bad data and choosing the processing
method with higher correlation for each station, we can add
eight more stations for reconstructing the SOS series back to
1960, based on Method 2 for seven stations and Method 1
for one station (Table 2). The correlation between the SOS
and pre-season T, data for the eight stations is improved
and meets the criterion for reconstruction after further data
processing (Fig. 5a—h). Three stations (55299, 56137 and
56144) still do not qualify, which implies other factors of
influence beyond the scope of consideration in the present
analysis. Nevertheless, the results of the 25 chosen stations
(Tables 1 and 2) can form an effective base for an overview
of the changes in SOS in the TRHR during 1960-2013.

3.3. Changes in SOS for the period 1960-2013

Using the method described in section 2.2.3, the SOS
time series for the period 1960-2013 are reconstructed for
the 25 chosen stations. The geographical pattern of mean
SOS dates based on the reconstructed data is consistent with
that based on MODIS-NDVI during 2000-13 (r = 0.999,
P < 0.05, where r is the spatial correlation coefficient;
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Fig. 5. Improvement in the reconstruction-required relation for eight stations based on further data processing. Method
1 involves removing outliers in 2002 and Method 2 uses temperature data at a neighboring station. In each panel, the
curves show the correlation coeflicients between SOS and pre-season temperature, in which the length of pre-season
changes from 1 to 100 days. The horizontal line indicates the (P < 0.1) significant criterion of the correlation coefficient.
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Table 2. Linear regression between SOS and spring temperature at eight stations. Triple asterisks indicate the correlation is significant
at the 0.01 confidence level, respectively. Method 1 and Method 2 are two solutions used to compensate for unreliable data. Method 1
removes outliers in 2002 and Method 2 uses the temperature data from a neighboring station.

Optimal pre-season Correlation
Method Station (base) Station (adjacent) length (days) coefficient Regression equation
Method1 56146 32 0.6836 y=-2.1866x+167.96
Method2 52825%* 52908 45 0.8536 y=-7.8330x+121.19
52836 52908 30 0.6850 y=-9.0880x + 86.88
52856*** 52868 37 0.7286 y=-11.3470x+220.82
56046 56033 49 0.6995 y=-6.1970x + 149.94
56029 52908 33 0.6347 y =—-4.0664x + 127.66
56034** 52908 50 0.6624 vy =-4.8090x + 144.20
56125 52908 37 0.6910 y=-3.8817x+130.00
the study area (r = 0.878, P < 0.05). The SOS trend maxima
= 0.2f ig;ggg in the study area are distributed mostly in the east, at 1.8-2.9
K9] A - i d (10 yr)™!, in contrast to those in the central and southwest
S P other stations regions at 0.3-1.3 d (10 yr)~! during 1960-2013 (Fig. 7).
o M A qy,ﬁi/a\\/;// S As shown in Fig. 8, the regional mean SOS series during
g \ ‘,’i\u/ixf% z I A PP 19602013 indicate an advancing trend of 1.42 d (10 yr)~!
o-04 : « \\;\/’3@\ :J ‘ - (R2 0.357, P < 0.05, where R? is the coefficient of deter-
© VA \(‘\”\%\\ GINES \*z{& vv&*ﬁ%”\f b 2\‘/ mination), with SOS occurring on approximately the 160th
g /\\f:[,ﬁ,/“\" ~'\: ,\\vﬁ\;//\;//f/ fyg:f day of the year in 1960 and the 151st day in 2013. The re-
8 "( v \\\T{:i// Plal ans constructed SOS series for the region is similar to that based
’ - on the remote sensing data for the last 14 years, although the
-1 latter appears to be more variable from year to year. The
0 50 100 regional mean advancing trend of SOS in the TRHR during

Length of preseason (Days)

Fig. 6. Correlation coefficients between the SOS of base station
52825 and the pre-season Ty, at 52825 (red solid line), 52908
(red dotted line) and the other 26 stations (black dotted lines)
in the TRHR during 2000-13. Horizontal red line indicates the
significant criterion (P < 0.1) for the correlation coefficients.

Figs. 7a and c). Moreover, the correlation between the spa-
tial distribution of the SOS trends based on MODIS-NDVI
and the reconstruction is significant (r = 0.628, P < 0.05). In
particular, the stations in the central, southwest and north-
west regions of the study area have higher spatial correlation,
while those in the northeast and southeast regions are weaker
(Figs. 7b and d). These results reinforce the reasonability of
the reconstructed SOS for most stations in the TRHR.

Tables 1 and 2 show the equations of linear regression
between the pre-season T, and SOS for the chosen 25 sta-
tions. Most of the stations show an advancing SOS trend for
the period 1960-13. Figure 7e shows that the geographical
pattern of mean SOS has generally earlier dates in the east
in early April than those in the west by the end of May in
the TRHR during 1960-2013. These results are consistent
with the results of 2000-13 (r = 0.992, P < 0.05). The spa-
tial distribution of the SOS trends during the last half-century
is also consistent with that during the last decade (r = 0.669,
P <0.05), particularly in the central and northeast regions of

the last 14 years is quite large, supporting the conclusion of
Zhang et al. (2013a). The regional mean reconstructed SOS
series exhibits an advancing trend of 6.04 d (10 yr)~! dur-
ing 2000-13, with the SOS occurring on approximately the
158th day of the year in 2000 and the 152nd day in 2013.
The trend based on the remote sensing data is even larger, at
7.98d (10 yr)~L.

3.4. Effects of the AO on the regional SOS trends

According to a sequential Mann—Kendall test (@ = 0.05),
a significant jump in spring temperature in the TRHR is ap-
parent in the late 1980s. This jump is similar in timing
to the increase in the AO index for February—April. Neg-
ative correlation between the AO index for spring (espe-
cially for March) and regional SOS is found for the last 10
years, with the largest correlation coefficient (r = —0.260,
P > 0.1) for March, especially for the eastern part of the re-
gion (r = —0.496, P < 0.1), during 200013 (Fig. 9a). The re-
sult suggests that the AO could exert its influence but is hardly
a dominant factor for SOS in the study region. The influence
of the AO exists mainly for winter temperature. The positive
correlation between the winter AO index and regional spring
surface air temperature is not significant, though the correla-
tion with winter temperature is significant during 1960-2013
(r=0.268, P <0.1) (Fig. 9b). When the AO index is in a
high-value period, the mean surface air temperature in winter
in the TRHR is also high. This preliminary relationship is
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non-significant advancing trends. Dots show the stations with significant trends. Units for SOS date: order number of

the day in a year.

useful for exploring the possibility of a link between SOS in
the TRHR and large-scale atmospheric circulation.

4. Conclusions and discussion

In the TRHR, the spring minimum temperature is the
most influential factor for SOS, and the negative correlation
is significant during the last decade. The increasing tempera-
ture during spring is key to enhancing the enzyme activity of
vegetation and therefore accelerating this phenological pro-
cess (Wang et al., 2010). Specifically, it leads to an earlier
occurrence of photoinhibition, which takes place at low tem-

perature, and hence causes earlier green-up of the vegetation
(Wang et al., 2013b). The present result is useful for study-
ing growing season and terrestrial ecosystem responses to
climate change. In this study, we reconstruct SOS time series
based on temperature data for 1960-2013 and investigate the
spatiotemporal change of SOS in the TRHR during the last
50 years. The regional mean SOS shows an advancing trend
of 1.42 d (10 yr)~! during 1960-2013, which enhances up to
6.04 d (10 yr)~! during the last 14 years. These results sup-
port the conclusion of Zhang et al. (2013a) and Song et al.
(2011), whereas trends of delay (Yu et al., 2010) and rever-
sal (Shen, 2011) are not found during the last 10 years. The
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Fig. 9. (a) Linear correlation between mean SOS and AO index
in March over most stations in the eastern part of the TRHR re-
gion during 2000-13. (b) Linear correlation between winter AO
index and winter Ty, of the TRHR region during 1960-2013.

methods used in our study reduce the impact of individual
outliers in short series of satellite data when calculating the
trend of SOS, and the results are meaningful when attempting
to clarify controversies in the SOS trend in the TRHR during
the last decade.

In addition, we attempt to identify possible links between
SOS in the TRHR and large-scale atmospheric circulation
via the AO. Preliminary results indicate a negative correla-
tion between the AO index for spring (especially March) and
SOS for the last 10 years, with the correlation particularly
significant in the eastern part of the region. This builds upon
the conclusion of de Beurs and Henebry (2008), albeit the
relatively weak correlation implies more factors of influence
are involved in this region. The possibility of teleconnection
mechanisms involving multiple factors is deserving of further
study.

In short, the present study establishes a linear relationship
between pre-season temperature and SOS in the TRHR. The
correlation is significant in most of the study region, and the
reconstructed results reflect the long-term SOS trend in the
TRHR during the last 50 years. Further research using accu-
rate spring phenology models would still beneficial. It also
remains interesting to study the synergistic effect of multi-
ple factors on SOS, such as temperature (Root et al., 2003;
Piao et al., 2006; Jeong et al., 2011), precipitation (Piao et
al., 2011b; Shen et al., 2014) and the vegetation component
(Chen et al., 2011b), as well as atmospheric circulation. The
effects of climate variables on spring phenology might be dis-
continuous and synergistic (Kong et al., 2017) and are also
deserving of further study.
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