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Abstract: Spring phenology is the most sensitive indicator of climate change and exploring its
response to climate change has important implications for ecosystem processes in the study area.
The temperature changes before and after the global warming hiatus may affect the spatiotemporal
pattern of land surface phenology. In this paper, taking the China–DPRK (Democratic People’s
Republic of Korea)–Russia cross-border region as an example, based on GIMMS NDVI data, the
Polyfit-Maximum method was used to extract the start date of the vegetation growing season (SOS).
The variation trend of SOS and its response to climate change were analyzed in the early (1982–1998)
and late (1998–2015) periods of the warming hiatus. At the regional scale, the spatial distribution of
the SOS in the China–DPRK–Russia (CDR) cross-border area presents an elevation gradient, which is
earlier in high-elevation areas and later in low-elevation areas. The temporal and spatial trend of SOS
is mainly correlated by daytime maximum temperature (Tmax). The significant increase in Tmax
in the early period promoted the advance of SOS (0.47 days/year), and the decrease in Tmax in the
later period caused the delay of SOS (0.51 days/year). While the main influencing factor of the SOS
changes in the region in the early and late periods was Tmax, the response of the SOS changes in
China, DPRK and Russia to climate change also changed with the dramatic temperature changes
during the warming hiatus. The Chinese side is increasingly responding to Tmax, while the North
Korean side is becoming less responsive to climatic factors, and precipitation and radiation on the
Russian side are driving the advance of the SOS.

Keywords: global warming hiatus; SOS; NDVI; climate change; China–DPRK–Russia border

1. Introduction

Land surface phenology is a very useful approach; it uses time series of satellite
sensor-derived vegetation indices to describe seasonal vegetation dynamics according to
vegetation index time series [1,2]. It is also a phenomenon that recurs in a yearly cycle in
the plant development stage [3]. It not only drives the key processes of vegetation growth
(such as photosynthesis and transpiration), but also has important effects on the ecosystem
carbon cycle, water cycle and nutrient cycle [4–9]. However, spring phenology is very
sensitive to climate change [10]. Based on the phenology observation network [11–13],
remote sensing monitoring [14,15] and phenology model simulation [16], it is agreed that
global warming has caused the advance of SOS and the delay of the end date of the
vegetation growing season (EOS). While the degree of advance of SOS varies in different
regions [17–21], the advance of SOS is the main reason for the prolongation of the growing
season of vegetation [22,23]. Spring phenology is influenced by a variety of climatic factors,
which are often correlated [3]. As one of the important indicators to characterize the
response of ecosystems to climate change, spring phenology is the most sensitive factor
to climate change [3]. Therefore, accurate monitoring of temporal and spatial changes of
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SOS and quantification of the response of SOS to various climatic factors are the basis for
evaluating the response of nature to climate change and can also provide basic data for
improving regional biological communities.

Temperature is one of the most important factors affecting SOS [24] because plants can
only develop and grow under suitable temperatures, and a certain accumulated tempera-
ture can promote plants to complete their life cycle [25]. Therefore, accurate quantification
of the effects of Tmax and Tmin on SOS is the basis for elucidating the sensitivity of SOS
to temperature fluctuations. Previous studies have shown that SOS in the high latitudes
of the Northern Hemisphere is mainly affected by Tmax due to the greater contribution
of Tmax to the heat accumulation required for plant leaf emergence in spring [26]. At the
regional scale, there are major differences. For example, the negative partial correlation
between SOS and Tmin in the Qinghai-Tibet Plateau is stronger than the negative partial
correlation between SOS and Tmax, which also indicates that the SOS in this region and
other areas in the high latitudes of the Northern Hemisphere is less restricted by Tmax and
radiation, which may be due to the low temperature reduction of constraints [27]. Besides
temperature, precipitation also significantly alters the SOS [28,29]. It can be seen that the
spatial heterogeneity of the limiting effect of climatic factors on SOS is large. While the
world continues to warm, the global mean surface temperature (GMST) during 1998–2013
increased less than that of the second half of the 20th century. IPCC refers to 1997–1998 as
the “global warming hiatus” [30,31]. Previous studies have shown that the phenological
change rate slowed down from 1998 to 2012, and there was no significant change trend in
SOS and EOS [30]. Most studies have briefly explained this trend as a result of weakened
warming in spring or winter [32]. Hoonyoung also found the characteristics of the slowing
down of the SOS promotion trend from 1982 to 2013 when studying the boreal forest. He
finds that most of the reasons for the slowing down of this trend of the SOS are attributed
to the slowing down of the warming trend, rather than the sensitivity changes of SOS to
climate variables [33]. Wang et al. used five different methods to obtain the phenological
data of the Northern Hemisphere around 1998 and found that the SOS was significantly ad-
vanced by 0.34 days/year before 1998, and the advance trend decreased to 0.02 days/year
after 1998. The delay rate of the EOS was 0.26 days/year before 1998, but it showed an
advanced trend after 1998 [34]. Therefore, it is particularly important to accurately quantify
the influence effects of different climate factors on SOS before and after the warming hiatus.

Remote sensing technology provides new and effective means for phenological stud-
ies on landscape or larger scales. The phenological period extraction method based on
remote sensing technology refers to constructing and reconstructing a time series through
vegetation indices at multiple time points and extracting phenological information from
the reconstructed time series [35]. Remote sensing monitoring is the most effective method
to monitor the phenological in a long time series and a large area. Under the influence of
climate change, it also realizes the analysis of dynamic temporal and spatial changes of
phenology. The Normalized Differential Vegetation Index (NDVI) is the optimal indicator
for vegetation growth status, vegetation coverage type and other information. It can accu-
rately and sensitively reflect the vegetation growth season and photosynthesis intensity in
a large coverage area, vegetation metabolic intensity and seasonal and interannual changes.
It has good adaptability in time and space, so remote sensing methods based on NDVI
time-series data occupy a very important position in the current common methods for mon-
itoring vegetation phenological changes [36]. As a typical method for extracting SOS, the
Polyfit-Maximum method has been widely used in different scale studies due to its good
performance. Shen et al. used this method to extract the spring phenology of freshwater
marshes in northeast China from 2001 to 2016 [37]. Piao also used this method to study
the characteristics of spring phenology and autumn phenology in temperate grasslands in
China from 1982 to 1999 [35]. Shen also used this method to calculate the spring phenology
trend of temperate grassland vegetation in China from 1982 to 2015 [38].

While the research on the response between SOS and climate change is relatively
mature, there are few studies on the regional scale in areas with obvious ecological and
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environmental differences across borders. Moreover, the understanding of the response
relationship to climatic factors before and after the warming hiatus is still relatively frag-
mented. Therefore, this paper takes the CDR cross-border area as the research area, takes
1998 as the node of the warming hiatus to monitor the temporal and spatial trend of SOS
in the border areas of the three countries and quantifies the climate factors (Tmax, Tmin,
precipitation and radiation). This study provides the scientific basis and basic data for
further exploration of ecological functions and measures to address climate change.

2. Materials and Methods
2.1. Study Area

The study area is located in the middle and high latitudes, 123◦ to 140◦E and 37◦ to 49◦N,
covering a total area of 512,000 km2, in three countries—China, DPRK, and Russia—including
Jilin, Liaoning and the eastern Heilongjiang provinces of China, the whole of DPRK and
Primorsky Krai in Russia (Figure 1). The Chinese area is in the mid-latitude region and
has a temperate continental monsoon climate. Most of the vegetation types in the study
area are forest, and the terrain is complex. DPRK is located on the north side of the
Korean Peninsula, bordering China in the north and Russia in the northeast. There are
more mountains and fewer plains. The main climate types are continental and maritime,
belonging to the temperate continental monsoon climate. The Russian side is bordered on
the west by China and a small part by DPRK. In winter, Binhai Krai is cold and dry under
the influence of the cold air mass brought by the Mongolia–Siberia high from the Eurasian
continent. Summer is influenced by the monsoon climate and the sea’s moist airflow, which
results in a mild and humid climate. As a whole, the terrain of the study area is mostly
mountainous. It is warm and rainy in summer and cold and dry in winter. The average
annual temperature is about 3.96 ◦C, and the annual precipitation is about 787.4 mm; the
forest cover in the region is as high as 70 percent.

Figure 1. Geographical location and elevation of China–DPRK–Russia cross-border area.

2.2. Data
2.2.1. NDVI Data

The vegetation index data used in this study is the third-generation normalized veg-
etation index (GIMMS NDVI) published by NASA’s Global Monitoring and Modeling
Research Group (GIMMS) on the NOAA/AVHRR series of satellite sensors. The dataset
has a spatial resolution of 1/12◦ × 1/12◦ (about 8 km), a temporal resolution of 15 days and
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a time range from January 1982 to December 2015 [14,39]. GIMMS NDVI data have been
corrected to remove sensor degradation caused by volcanic eruptions, clouds and strato-
spheric aerosols for a range of off-stream effects [40]. The set is suitable for determining
long-term trends in vegetation activity [41]. GIMMS NDVI3g V1 data acquisition website:
https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/ (accessed on 11 January 2022)

2.2.2. Climate Data

The climate data used in this study were obtained from TerraClimate, a high spatial
resolution (1/24◦, ~4 km) monthly climate and climatic water balance dataset of the global
terrestrial surfaces from 1958 to 2015. It uses climatically aided interpolation to combine
high-spatial-resolution climate normals from the WorldClim dataset with coarser-resolution
time-varying (i.e., monthly) data from other sources to generate precipitation, Tmax, Tmin,
wind speed, vapor pressure and solar radiation. Using this dataset, we calculated the
average of the Tmax and Tmin for 12 months of each year. For precipitation and solar
radiation, we calculated the sum of the 12 months of each year.

The elevation data used in this study is the SRTM DEM UTM 90M resolution digital
elevation data product obtained from Geospatial Data Cloud.

2.3. Methods
2.3.1. Extraction of SOS

In this study, MATLAB software was used, and the Polyfit-Maximum method was
used to determine the start date of the vegetation growing season (SOS) [35]; the principle
of this method is to set the date of the maximum increase of NDVI as the start date of the
growing season. Due to the accuracy of this method, a large number of studies have used
this method to identify the SOS [38,39]. First, we calculated the multi-year mean of NDVI,
obtained the NDVI time series with an interval of 15 days and then calculated the temporal
change rate of NDVI according to Formula (1). The formula is as follows:

NDVIratio(t) =
NDVI(t + 1)−NDVI(t)

NDVI(t)
(1)

Here, t represents the interval of 15 days, and NDVI(t) represents the multi-year
average NDVI value on the t day. When the NDVI ratio reaches the maximum value, the
NDVI at this time is used as the NDVI threshold for evaluating the SOS to determine the
average start date of vegetation greening.

As it is affected by some non-vegetation effects of cloud, atmosphere, solar radiation
angle and other factors, the NDVI detected by remote sensing usually has some outliers.
To reduce the impact of outliers on phenological assessment, we used the polynomial
maximum method, where a sixth-degree polynomial was considered to better fit the NDVI
time series. Its formula is as follows:

NDVI(t) = a + a1t1 + a2t2 + a3t3 + a4t4 + a5t5 + a6t6 (2)

In the formula, NDVI(t) is the NDVI fitting value on the t day of the year, and a, a1-a6
are the fitting coefficients obtained by least square regression.

2.3.2. Trend Analysis

In addition, when analyzing the trends of SOS and climate variables at the regional
scale and pixel scale, this paper adopts the univariate linear regression analysis method
based on the least-squares method [37], and the calculation formula is:

SLOPE =
n∗∑n

i=1 i ∗ Pi − (∑n
i=1 i)(∑n

i=1 Pi)

n∗∑n
i=1 i2 − (∑n

i=1 i)2 (3)

https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
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In the formula, SLOPE represents the slope of the variable P regression equation, Pi is
the variable value in the ith year, and n is the number of years in the study period. When
SLOPE is positive, it means that the variable has an upward trend; when SLOPE is negative,
it means that the variable shows a downward trend; the greater the absolute value of
SLOPE, the greater the magnitude of the changing trend. When slope shows an upward
trend, it means that the spring phenology is delayed. When slope shows a downward
trend, it means that the spring phenology is advanced.

2.3.3. Correlation Analysis of SOS and Climate Factors

We used partial correlation analysis to analyze the correlation between Tmax, Tmin,
precipitation and solar radiation and the SOS. When there is colinearity among multiple
climate variables, partial correlation analysis can exclude the influence of other variables
on SOS so as to explore the relationship between a single climate factor and SOS separately,
which is an important reason for our choice of partial correlation analysis method. The
calculation formula is:

rxy.z =
rxy − rxzryz√(

1− r2
xy

)(
1− r2

yz

) (4)

In the formula, rxy.z is the partial correlation coefficient between x and y after variable
z is fixed; rxy is the relationship between variable x and variable y; ryz is the correlation
coefficient between variable y and variable z; and rxz is the difference between variable x
and variable z.

For significance testing of the partial correlation coefficient, the t-test method is gener-
ally adopted, and the statistic calculation formula is as follows:

t =
rxy.z
√

n−m− 1√
1− r2

xy.z

(5)

In the formula, rxy.z is the partial correlation coefficient; m is the number of inde-
pendent variables (m = 4). By comparing the critical values ta corresponding to different
significance levels in the t-test distribution table, if t > ta, the partial correlation is significant;
otherwise, if t < ta, the partial correlation is not significant. The critical value ta = 0.05 was
selected; that is, p < 0.05 indicates a significant trend of change.

According to the results of partial correlation analysis, we take the climate factor with
large absolute value of partial correlation coefficient with SOS as the main influence factor
of the region; that is, it is considered that this climate factor has the greatest impact on
the region.

3. Results and Discussion
3.1. The Spatiotemporal Pattern of Spring Phenology

As shown in Figure 2a, the spatial distribution map of the average start date of the
vegetation growing season (SOS) from 1982 to 2015 was calculated based on pixels. The
results showed that the SOS in this area was mainly concentrated between day 95 of the
year (DOY) and 125 DOY (corresponding to 5 March to 5 April in leap years), and the
average SOS occurred on 105 DOY. To compare the accuracy of the SOS extraction results,
we compared with the results of Wang et al. Using the calculation results of Wang et al.,
the multi-year averages in the region from 1982 to 2014 were analyzed, and the calculation
results were found to be similar [34]. The results of Wang et al. showed that the SOS in
this region was mainly concentrated between 95 and 120 DOY, with an average of about
101.2 DOY. A comparison of the three regions (the Chinese side of the study area, the
North Korean side and the Russian side) found that in the 34-year period from 1982 to
2015, the Russian side of the CDR cross-border area was the latest, about 111.4 DOY. The
earliest SOS is on the North Korean side, about 100.1 DOY. China’s SOS is close to that
of North Korea, about 101.9 DOY. There is a relatively obvious distribution characteristic
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of elevation gradient, as shown in Figure 2b SOS is the earliest in the southwest region
near the Northeast Plain, concentrated in 70 DOY to 90 DOY, while in the Changbai
Mountain region and the northeast Sikhote Mountains with higher elevations, SOS is later,
concentrated between 130 and 150 DOY. This is mainly because the vegetation needs a
certain accumulated temperature before green-up [42], the temperature in low elevation
areas is higher than that in high elevation areas, so the accumulated temperature in low
elevation areas can be reached earlier to make the vegetation start greening. While the
elevation in mountainous areas is high and the temperature is low, so it takes longer to
reach the accumulated temperature [43].

Figure 2. (a) Spatial distribution of multi-year mean value of SOS in the China (C), DPRK (D)
and Russia (R) cross-border from 1982 to 2015; (b) Distribution of SOS along the elevation in the
China–DPRK–Russia cross-border area.

To understand the variation of SOS at the regional scale, we analyzed the interannual
fluctuation of SOS in the study area from 1982 to 2015. As shown in Figure 3a, the SOS
showed a slight delay at the regional scale in the 34-year period from 1982 to 2015, and
the inter-annual fluctuations were large, with a difference of nearly 33 days between the
earliest and the latest (the earliest SOS occurred on 84 DOY in 1998, and the latest SOS
occurred on 117 DOY in 2012). However, the interannual variation of SOS before and after
the warming hiatus showed an opposite trend, with an advanced trend in the early stage
(−0.47 days/year) and a delayed phenomenon in the later stage (0.51 days/year). For the
three regions, the SOS changes before and after the warming hiatus all showed a trend
of advancing first and then delaying. However, the rate of SOS delay in the later period
was greater than that of the earlier period. Therefore, the SOS on the regional scale in
the three regions showed a trend of delay in the 34-year period from 1982 to 2015. In the
early period (1982–1998), the maximum SOS advance rate on the Russian side was about
−0.7 days/year, and the Chinese and North Korea sides were about −0.39 days/year and
−0.25 days/year, respectively. In the later period (1998–2015), the largest SOS delay rate
was on the North Korean side, about 0.56 days/year, which was twice the SOS advance
rate in the earlier period. The rate of SOS delay on the Russian side and the Chinese side
is nearly the same, about 0.49 days/year and 0.48 days/year, respectively. Because we
used linear regression, there is interference of outliers, although the linear trend is not very
significant on the regional scale, but many pixels have a linear trend on the spatial scale.
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Figure 3. The inter-annual variation trend of SOS from 1982 to 2015. (a) China–DPRK–Russia cross-
border area. (b) China side. (c) North Korean side. (d) Russian side. (The black solid black line
represents the SOS annual series from 1982 to 2015, the red dashed line represents the interannual
change trend from 1982 to 1998, and the green dashed line represents the inter-annual change trend
from 1998 to 2015.).

In order to further analyze the temporal and spatial variation pattern of SOS, this
paper adopts the temporal and spatial trend analysis of the interannual variation at the
pixel scale. The results show that the SOS in the CDR cross-border area has not changed
obviously on the spatial scale in the 34-year period from 1982 to 2015 (Figure 4c), and the
spatial differences between the three regions are small.

However, the trend of SOS changes significantly before and after the warming hiatus.
In the early stage, the vegetation SOS was advanced in a large area, the proportion of the
advanced area was 88.8% (10.6%, p < 0.05) (Figure 4a) and the average advance rate was
0.56 days/year. The larger SOS advanced areas were mainly distributed in the northeast
of the study area. The direction of the Sikhote Mountains (Russian side) and the central
part of the study area are in the east of China’s Heilongjiang Province. During this period,
about 11.2% of the area showed a delayed greening period (0.5%, p < 0.05), which was
mainly distributed in small areas on the South Korean side and the Changbai Mountains
on the Chinese side. In the early stage, the SOS on the Russian side was significantly
advanced, and about 96% of the regions showed an advance trend, with a rate of about
−0.75 days/year. On the Chinese side, the SOS advance rate was about −0.45 days/year
(92%), but the spatial difference is obvious. The central and southern regions had obvious
advance trends, and the northern and central-south regions had no obvious changes. The
southern region on the North Korean side experienced partial delays.

In the later stage, SOS showed a large area of delay; the proportion of delayed area was
60.2% (7.4%, p < 0.05), and the rate was about 0.49 days/year. The areas with more signifi-
cant delays are the northernmost areas on the Chinese and Russian sides, namely Jiamusi
City in Heilongjiang Province and the Primorsky Border Region. During this period, the
SOS advance area was about 39.8% (3.1%, p < 0.05), and the rate was about−0.37 days/year.
The most significant area of advance is the southern part of Liaoning Province, China, on
the west side of the study area, with an advance rate of about −0.98 days/year. In the
later period, the most significant area of SOS delay was the North Korean side, with about
68% of the area showing delay (0.52 days/year), followed by the Chinese side, except
for the southern area (Dandong City, Liaoning Province) which continued to advance
0.37 days/year, the rest showed a delayed trend (63.2%, 0.44 days/year). On the Russian
side, the significant delay area is the northern high-elevation area, and the delay rate was
about 0.52 days/year. Before and after the warming hiatus, the area where the SOS changed
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from early to late accounted for 52.5% of the entire study area, mainly distributed on the
North Korean side, the Chinese side (except the southwest), and the northern side of the
Sikhote Mountains in Russia (Figure 4d).

(d)

Figure 4. Spatial distribution of trend in SOS in the China–DPRK–Russia cross-border area. (a) Trend
in SOS from 1982 to 1998. (b) Trend in SOS from 1998 to 2015. (c) Trend in SOS from 1982 to 2015.
(d) Spatial distribution of SOS changed from advance trend to delay trend after 1998. The region with
dots represents the sites with significant trend (p < 0.05).

The multi-year average value of vegetation rejuvenation period in the CDR cross-
border generally shows the spatial distribution law of delaying from low-elevation areas
to high-elevation areas, which is also basically consistent with the research results of the
Qinghai Tibet Plateau [44,45], the United States [46,47] and Europe [48]. This is because the
temperature gradually decreases with the increase in elevation, and the lower the tempera-
ture, the later the vegetation rejuvenation period, so the later the vegetation rejuvenation
period in the highland [43]. It is observed that the amplitude of the advance trend from 1982
to 1998 increases with the increase in elevation. This upward trend in high-elevation areas
shows that the difference of vegetation rejuvenation period between high-elevation areas
and low-elevation areas has narrowed, which means that the contrast of spring phenology
in the whole elevation gradient becomes weaker and weaker. From 1998 to 2015, the spring
phenology in high-elevation areas was significantly delayed, which was contrary to the
observation from 1982 to 1998. These two different trends offset each other before and
after 1998, so the change trend of spring phenology from 1982 to 2015 is hardly affected
by elevation.

In northern and alpine regions, temperature is considered to be the main factor
affecting SOS [49]. From Figure 4, we can observe that due to the emergence of the
global warming hiatus, there are two distinct trends of spring phenology in 1982–1998
and 1998–2015. From 1982 to 1998, Tmax and Tmin increased significantly at the rate of
0.056 ◦C/year and 0.055 ◦C/year, respectively, and then from 1998 to 2015, Tmax decreased
at the rate of 0.013 ◦C/year, and the rising trend of Tmin also slowed down to 0.013 ◦C/year,
making the spring phenology show the trend of advancing first and then delaying. Other
scholars have also proved the impact of the global warming hiatus on phenology. A study
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by Jeong et al. (2011) shows that during the past decade, the promotion trend of spring
vegetation restoration in some parts of Eurasia stagnated between the 1980s and 1990s [32].

3.2. Impact of Climate Change on SOS

Over a 34-year period from 1982 to 2015, the SOS in the CDR cross-border area was
mainly correlated by temperature, and Tmax during the day had a greater impact on
the SOS than Tmin at night (Figure 5o). This is because the SOS is more sensitive to the
warming of Tmax than the warming of Tmin [38]. The partial correlation results showed
that the SOS and Tmax in this area were negatively correlated in 97% of the pixels, of
which 64% were significantly negatively correlated (Figure 5c). However, Tmin showed
a significant positive correlation with SOS (Figure 5f), indicating that daytime warming
and nighttime warming had asymmetric effects on SOS. That is, the rise of Tmax will lead
to the advance of SOS, and the rise of Tmin will cause the delay of SOS. The effects of
precipitation and radiation on the region were small; in particular, the partial correlation
coefficient between precipitation and SOS was the smallest (Figure 5f). This is because the
annual average precipitation in this area, which belongs to the humid area, is as high as
787.4 mm, and the SOS is more sensitive to temperature in the humid area, and the limiting
effect of precipitation is not strong.

Figure 5. The response of SOS to changes in Tmax, Tmin, precipitation and solar radiation in the
China–DPRK–Russia cross-border area. (a) Spatial distribution of the partial correlation coefficient
between SOS and Tmax from 1982 to 1998. (b) Spatial distribution of the partial correlation coefficient
between SOS and Tmax from 1998 to 2015. (c) Spatial distribution of the partial correlation coefficient
between SOS and Tmax from 1982 to 2015. (d) Spatial distribution of the partial correlation coefficient
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between SOS and Tmin from 1982 to 1998. (e) Spatial distribution of the partial correlation coefficient
between SOS and Tmin from 1998 to 2015. (f) Spatial distribution of the partial correlation coefficient
between SOS and Tmin from 1982 to 2015. (g) Spatial distribution of the partial correlation coefficient
between SOS and precipitation from 1982 to 1998. (h) Spatial distribution of the partial correlation
coefficient between SOS and precipitation from 1998 to 2015. (i) Spatial distribution of the partial
correlation coefficient between SOS and precipitation from 1982 to 2015. (j) Spatial distribution of
the partial correlation coefficient between SOS and solar radiation from 1982 to 1998. (k) Spatial
distribution of the partial correlation coefficient between SOS and solar radiation from 1998 to 2015.
(l) Spatial distribution of the partial correlation coefficient between SOS and solar radiation from
1982 to 2015. (m) Spatial distribution of the main climatic factors affecting SOS from 1982 to 1998.
(n) Spatial distribution of the main climatic factors affecting SOS from 1998 to 2015. (o) Spatial
distribution of the main climatic factors affecting SOS from 1982 to 2015. The region with dots
represents the sites with significant trend (p < 0.05).

Before and after the warming hiatus, the main influence factors affecting the change
of SOS changed slightly, the main influence climatic factor affecting the change of SOS in
the study area was Tmax, and the proportion of Tmax playing a leading role in the early
and late periods was still relatively high. In the early stage, the area with Tmax as the
main influence factor accounted for 61%, while in the later period it dropped to 58.7%, but
in the 34-year period from 1982 to 2015, the area with Tmax as the main influence factor
accounted for as much as 77.6%. However, in the later period, Tmax in 88.2% of the regions
showed a significant downward trend, which was the main reason for the significant delay
of SOS in the later period. The increase in Tmax in the early stage caused a significant
advance of SOS, while the decrease in the Tmax in the later stage caused a significant delay
of SOS. Moreover, the rate of SOS delay is higher than the rate of SOS advance early in the
warming hiatus, so Tmax in the 34-year period from 1982 to 2015 has caused the SOS to
show a large-scale delay trend.

Tmin is also the main influence factor affecting SOS changes in local areas. For example,
in the early stage, the main influence factor in the southwest direction of the study area
was Tmin (Figure 5m), and the increase in Tmin in this area (Figure 6d) caused a significant
advance of SOS (Figure 4a). Figure 4a–c show that the SOS shows a small area of persistent
delay on the south side of the North Korean side, which is the result of the combined effect
of Tmin and Tmax. The increase in Tmin in the early period caused the SOS delay in the
region, while the decrease in Tmax in the later period caused the continuous delay of SOS
in the region. In the northern part of the study area, the influence of Tmin became stronger
and stronger, and the increase in Tmin in the region caused the delay of SOS in the region
in the later period. All in all, before and after the warming hiatus, the main influence
factor of SOS in this region was Tmax, while the influence of Tmin on SOS became stronger
and stronger.

The SOS changes in the three regions before and after the warming hiatus were
influenced by climatic factors, but the main influence factor was still Tmax. On the Chinese
side, 80.5% of the area was influenced by temperature in the early stage, mainly in the
central and northern regions. A total of 21.1% of the area was influenced by Tmin, mainly in
the southern part (specific place name), which was influenced by Tmax in the later period.
On the whole, the increase or decrease in Tmax during the day is the main factor affecting
the change of SOS in this area.
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Figure 6. Spatial distribution of trend in Tmax, Tmin, precipitation and solar radiation in the China–
DPRK–Russia cross-border area. (a) Trend in Tmax from 1982 to 1998. (b) Trend in Tmax from 1998
to 2015. (c) Trend in Tmax from 1982 to 2015. (d) Trend in Tmin from 1982 to 1998. (e) Trend in Tmin
from 1998 to 2015. (f) Trend in Tmin from 1982 to 2015. (g) Trend in precipitation from 1982 to 1998.
(h) Trend in precipitation from 1998 to 2015. (i) Trend in precipitation from 1982 to 2015. (j) Trend in
solar radiation from 1982 to 1998. (k) Trend in solar radiation from 1998 to 2015. (l) Trend in solar
radiation from 1982 to 2015. The region with dots represents the sites with significant trend (p < 0.05).

On the North Korean side, 48.9% of the area was affected by Tmax in the early stage,
while 25.3% of the area was affected by Tmin. In the later period, nearly 53.8% of the
area was affected by Tmax, the area with the Tmin affected factor decreased to 18.3%, and
the trend of Tmin on the North Korean side was not obvious in the later period. On the
whole, Tmax and Tmin jointly determine the SOS in this region. The increase in Tmax and
Tmin causes the SOS to advance, and the decrease in Tmax causes the SOS to be delayed.
However, it is worth noting that the partial correlation coefficients of SOS and climate
factors on the North Korean side decreased in the later period, indicating that the degree of
response of SOS to climate factors became smaller and smaller. This may be because, in the
later period, due to the high influence of human factors, the large-scale development of
land in North Korea led to the destruction of soil cover and vegetation. North Korea has
the most degraded forests in the world, and extensive deforestation has caused natural
disasters. The damage has increased significantly [50,51]. Natural vegetation is greatly
affected by climate and environment. As a special type of land use, crops are greatly
affected by human activities. Humans determine the sowing time of crops; at the beginning
of the 21st century, the phenology of natural vegetation in China was about 20 days earlier
than that of crops [52]. A large number of forests are converted to cultivated land in
North Korea, which makes the SOS on the North Korean side fluctuate inconsistently with
climate change, so the impact of climate change in the region is less than that of human
activities [53].
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On the Russian side, nearly 71.4% of the area was affected by Tmax in the early stage,
and Tmax in most areas increased. In the later period, the area affected by Tmin increased
from 12.8% to 30%, and the whole area on the Russian side showed an increasing trend. The
increase rate was much higher than that on the North Korean and Chinese sides (Figure 6e).
As shown in Table 1, Tmin has a greater impact on the SOS, so the continuous increase
in Tmin is the main reason for the delay of the SOS in Russia in the later period. At the
same time, the increase in precipitation and radiation promotes the delay of the SOS in
this region.

Table 1. Partial correlation coefficient between SOS and different climatic factors and contribution of
main influence climatic factors.

Year Tmax/Contribution Tmin/Contribution Pre/Contribution Srad/Contribution

China
1982–1998 −0.36 (59.4%) 0.16 (21.1%) 0.08 (11.4%) 0.25 (8.1%)
1998–2015 −0.40 (72.4%) 0.25 (15.5%) 0.03 (7.7%) 0.18 (4.5%)
1982–2015 −0.45 (83.1%) 0.26 (9.2%) 0.05 (1.7%) 0.26 (6.0%)

DPRK
1982–1998 −0.32 (48.9%) 0.20 (25.3%) −0.04 (19.9%) 0.22 (6.0%)
1998–2015 −0.30 (53.8%) 0.13 (18.3%) −0.02 (17.4%) −0.06 (10.4%)
1982–2015 −0.33 (65.7%) 0.19 (18.5%) −0.02 (10.1%) 0.17 (5.7%)

Russia
1982–1998 −0.33 (71.4%) 0.19 (12.8%) 0.01 (9.6%) −0.06 (6.2%)
1998–2015 −0.25 (45.5%) 0.16 (30.0%) −0.11 (14.7%) −0.12 (9.9%)
1982–2015 −0.39 (79.5%) 0.49 (10.2%) −0.06 (2.9%) −0.06 (7.3%)

The performances of Tmax and Tmin are also different in different seasons. Deng
found, in his research on boreal forests, that Tmax has a greater impact on spring phenology
in spring than Tmin, and there are seasonal differences; Tmax mainly affects SOS in spring,
and Tmin has a greater impact in winter [54]. From Table 1, it can be seen that the effects
of Tmax and Tmin on SOS are opposite, which is consistent with the results of Lin [55];
Tmax is negatively correlated with SOS in more than 80% of the places, while Tmin is
positively correlated with SOS. By comparing the strength of the correlation between SOS
and Tmax and Tmin, it is found that the spring phenology in the Northern Hemisphere
is mainly triggered by daytime temperature rather than night-time temperature, whether
from remote sensing observations or manipulative experiments [26,56]. This is consistent
with the conclusion of this paper. Lin’s study found that Tmin and Tmax play different
roles in forcing and chilling. In cold regions, SOS is more closely related to Tmin, while in
warm regions, SOS is more closely related to Tmax. Due to the relatively low temperature in
Russia, the correlation between SOS and Tmin in this region was greater than that between
SOS and Tmax from 1982 to 2015, and Tmin was the main reason for the delay of SOS on
the Russian side (Table 1).

Most of the vegetation on the Chinese side belongs to temperate forests. Studies have
found that, in the past 30 years, the temperature increase rate of the average Tmax in
temperate forests is greater than that of the average Tmin, and the temperature difference
between the Tmax and the Tmin is gradually increasing [57]. This is inconsistent with the
IPCC report, which shows that Tmin is increasing faster than Tmax in most parts of the
world and that the daily temperature difference is decreasing [29]. This may be due to
the large-scale afforestation on the Chinese side during the 21st century [58], which has
increased the forest density, thus making Tmax during the day higher than other regions,
resulting in an increase in temperature difference, which makes the SOS tend to be delayed.

Vegetation and air temperature are interrelated. For example, studies have shown
that the reduction of wetlands will affect temperature changes. The surface temperature
increases during the day in most months, increases at night during the non-growing period
and decreases during the day from July to September. During the growth period, the
nighttime surface temperature decreased [54]. We found that the SOS in this area showed a
delayed trend, which was not consistent with the global warming environment. This may
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be due to the fact that the increase in the Tmin in the study area was higher than that of the
Tmax, which neutralized the effect of the highest temperature on SOS. As a result, there is
a slight delay in SOS. Some studies have shown that pre-season temperature has a more
significant impact on SOS [33,59]. In recent years, due to global warming, the fence effect
of the westerly belt has weakened, and the Arctic cold air frequently moves southward in
winter and spring, causing frequent cold waves in the middle and high latitudes of the
Northern Hemisphere. It can be seen that global warming has a negative feedback on the
temperature in winter and spring to a certain extent, so it is necessary to conduct further
seasonal studies on the surface temperature, but this cannot be realized due to limited data.

It should be noted that the current research may have some limitations. We did not
distinguish land surface phenology according to different vegetation types. While most
of the area is forest, it also includes grassland, cultivated land, wetland and construction
land. In different vegetation types, vegetation phenology has its own characteristics and
there are some differences in response to climate. Because we mainly studied land surface
phenology, it fails to specifically analyze the differences between different vegetation types.
In addition to SOS, EOS and growing season length should also be investigated in order to
comprehensively use data to investigate phenological changes in the region under future
climate change. In addition, the change trend of phenology calculated only by linear
regression may be too single; some interannual variations may not be linear; we need to test
it with a more robust non-parametric approach to trend analysis. Some studies have found
that pre-season climate may have a greater impact on phenology [32,33], and there may
be some limitations in only studying the average annual value of climate factors. Finally,
considering the inaccuracy of satellite data and remote sensing estimation of vegetation
phenology, we still need to verify the phenological results of the current study area by
using the situ data.

4. Conclusions

The results of this paper show that the variation of SOS is affected by Tmax. The CDR
cross-border area has experienced drastic climate change in the 34-year period from 1982 to
2015, with Tmax and Tmin dropping significantly in the later period of the warming hiatus.
This led to a significant advance of SOS in the early vegetation in the area, but a large area of
SOS was delayed in the later years. This reversal was mainly caused by a decrease in Tmax.
While the spatial distribution of SOS shows the law of elevation gradient distribution, the
influence of elevation is not very obvious on the change trend of SOS. This conclusion also
emphasizes the value of accurately describing the relationship of temperature changes in
vegetation growth under the influence of future climate change. In addition, the results
of this study also show that there are obvious differences in the three regions of China,
North Korea and Russia. In the early stage, the SOS in the three regions is affected by
temperature (Tmax on the Chinese side, Tmax and Tmin on the North Korean side and the
Tmin in Russia). In the later period, the responses of the three regions to climate change
were quite different. The SOS on the Chinese side has an increasingly strong response to
Tmax, and the Russian side has an increasingly complex response to climate change, with
increased effects of precipitation and radiation. North Korea, on the other hand, showed an
increasingly weakened relationship to climate change, and the impact of climate change on
vegetation SOS on the North Korean side became less and less important, indicating that
the change in SOS in the region may be affected by other factors, such as human activities,
etc. In regional or global vegetation dynamic models, the impact of climate change and
human activities on vegetation growth should be explicitly considered.

While, during the study period, the Terra Climate dataset showed that there were
dramatic changes in temperature before and after the warming hiatus in the region, and
the resulting SOS trend reversed, there are, however, still uncertainties in the study of the
intermittent period of warming. In future studies, comparisons between various climate
data and verification based on observational data should be carried out to evaluate the
climate change in this region more accurately. In addition, this study only considered
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the changes of SOS, but vegetation growth is very complex. Therefore, it is necessary to
comprehensively consider multiple factors in vegetation growth in future research, such as
SOS, the end date of vegetation growing season (EOS), vegetation coverage, vegetation
productivity and respiration. Overall, this study clarifies the temporal and spatial variation
of SOS at the regional scale and elucidates the response to climate change. Therefore, this
study has a high theoretical significance for the protection and sustainable development of
the ecosystem in this region in the future.
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