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Abstract: Urbanization can affect the ecological processes, local climate and human health in urban
areas by changing the vegetation phenology. In the past 20 years, China has experienced rapid
urbanization. Thus, it is imperative to understand the impact of urbanization on vegetation phenology
in China. In this study, we quantitatively analyzed the impact of urbanization on vegetation
phenology at the national and climate zone scales using remotely sensed data. We found that
the start of the growing season (SOS) was advanced by approximately 2.4 days (P < 0.01), and the
end of the growing season (EOS) was delayed by approximately 0.7 days (P < 0.01) in the urban
areas compared to the rural areas. As a result, the growing season length (GSL) was extended by
approximately 3.1 days (P < 0.01). The difference in the SOS and GSL between the urban and rural
areas increased from 2001 to 2014, with an annual rate of 0.2 days (R2 = 0.39, P < 0.05) and 0.2 days
(R2 = 0.31, P < 0.05), respectively. We also found that the impact of urbanization on vegetation
phenology varied among different vegetation types at the national and climate zone levels (P < 0.05).
The SOS was negatively correlated with land surface temperature (LST), with a correlation coefficient
of−0.24 (P < 0.01), and EOS and GSL were positively correlated with LST, with correlation coefficients
of 0.56 and 0.44 (P < 0.01), respectively. The improved understanding of the impact of urbanization on
vegetation phenology from this study will be of great help for policy-makers in terms of developing
relevant strategies to mitigate the negative environmental effects of urbanization in China.

Keywords: urbanization; vegetation phenology; vegetation types; land surface temperature;
sustainability

1. Introduction

Vegetation phenology is the study of periodic plant life cycle events and how these events are
influenced by interannual variations in climate and other environmental factors [1–4]. Vegetation
phenology was widely investigated to analyze the impact of ecological processes and environmental
conditions on terrestrial ecosystems, including impacts on biodiversity, carbon emissions, surface
temperature change and land use and land cover changes [5–9]. Changes in vegetation phenology affect
ecological processes by altering the cycling of energy, nutrients and water in terrestrial ecosystems [10–12].
Thus, studies of vegetation phenology have drawn the global attention.

Human activities, such as the urbanization, are one of the most important factors that change
vegetation phenology by affecting climate conditions, soil properties, hydrology and ecosystem
processes [13–18]. Conversely, changes in vegetation phenology also affect local climate, energy
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consumption and human health in urban areas [19–23]. Since the Reform and Opening-up, China
has experienced rapid urbanization [24,25]. From 1981 to 2012, the urban population in China has
increased by more than two times, and the built-up areas have increased by more than five times [26,27].
Therefore, it is of great significance to understand the impact of urbanization on vegetation phenology
in China.

Many studies have assessed the impact of urbanization on vegetation phenology. Existing
studies have investigated the mechanisms, influential factors and potential impacts of changes in
vegetation phenology in urban areas [16,28,29]. In terms of mechanisms, ecological processes and
vegetation functional types were examined to understand the impact of urbanization on vegetation
phenology [30–32]. To assess the influential factors, temperature, moisture, photoperiod and
atmospheric compositions were investigated [33–37]. With regard to the consequences of the impact
of urbanization on vegetation phenology, studies have assessed ecological processes, human health
and economic development [38–41]. The datasets used in these studies were mainly derived from
site-based observations and satellite remote sensing. The quality of site-based observations is relatively
high, and the data can be analyzed for specific plants [42,43]. However, site-based observations are
limited in the spatial coverage [44]. Remotely sensed datasets have demonstrated their power in
investigating the impact of urbanization on vegetation phenology over large areas [2,45,46]. However,
earth observation sensor types and data preprocessing models should be chosen cautiously when
estimating vegetation phenology [44,47–50].

Studies on the impact of urbanization on vegetation phenology in China have mainly been
conducted at the city scale [28,40]. For example, Zhou et al. [13] analyzed the differences in vegetation
phenology among 32 major cities and their surrounding rural areas in China. They found that the
start of the growing season (SOS) was advanced by an average of 11.9 days, and the end of the
growing season (EOS) was delayed by an average of 5.4 days in urban areas compared to rural areas.
Han et al. [51] analyzed the vegetation phenological differences among six cities and their surrounding
rural areas in the Yangtze River Delta. They also found that urbanization advanced the SOS, delayed
the EOS and extended the growing season length (GSL). Moreover, previous studies have found that
the impact of urbanization on vegetation phenology varied across different climate zones [11,52–56].
Since there are multiple climate zones with a wide range of latitudes and complex topographies in
China [52,57,58], it is highly necessary to understand the regional differences in urbanization impacts
on vegetation phenology in China.

Because of the importance of urbanization impacts on phenology in China and the lack of studies
at the national and regional levels, in this study, we investigated the impact of urbanization on
vegetation phenology at the national and climate zone scales. The objectives of this study were to:
(1) understand the difference in vegetation phenology between urban and rural areas and the variations
across climate zones and vegetation types and (2) evaluate the trend of the phenological difference
from 2001 to 2014. We also examined the relationship between vegetation phenology and land surface
temperature (LST). The remainder of this paper is structured as follows. Section 2 describes the
Materials and Methods. The Results and Discussion are reported in Sections 3 and 4, respectively.
The Conclusions are presented in Section 5.

2. Materials and Methods

2.1. Study Area

Our study examined the phenological difference between urban and surrounding rural areas in China
(Figure 1). The urban areas were derived from the Defense Meteorological Satellite Program/Operational
Linescan System (DMSP/OLS) nighttime light data in 2013 using a cluster-based method that estimated
the optimal thresholds of clusters based on their size and the overall nightlight magnitude [59,60].
The urban area was dominated by built-up areas but contained vegetated areas (e.g., crop areas) because
the urban extent considered here is the urban boundary, not the area of impervious surface [60–63].
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Following Li et al. [45], we excluded urban clusters smaller than 10 km2 because they were too small
to investigate the impact of urbanization on vegetation phenology. Overall, there were more than
1000 urban clusters in China, with a total area of approximately 80,000 km2. The urban areas ranged
from 10 km2 to larger than 1700 km2, and the mean value was 77 km2. The average percentage of
vegetation among the urban clusters was approximately 59%. Specifically, we divided all urban areas
into 11 bins according to the size. The average area of vegetation among the bins ranged from 6 km2

to 388 km2, and the percentage of vegetation pixels to the total pixels in each bin was greater than
50%. Thus, we can assume that there are adequate vegetation pixels in urban areas for the purposes
of analysis [44]. The rural extent was determined by keeping its size the same as that of the urban
extent [45]. That is, we gradually increased the buffering zone around the initial shape of the urban
area until the extent of the surrounding rural area was equal to the corresponding urban area. In rural
areas, the area of vegetation was nearly 70,000 km2, accounting for almost 90% of the total rural area
(Figure 2).

Remote Sens. 2018, 10, x FOR PEER REVIEW  3 of 16 

 

phenology. Overall, there were more than 1000 urban clusters in China, with a total area of 
approximately 80,000 km2. The urban areas ranged from 10 km2 to larger than 1700 km2, and the mean 
value was 77 km2. The average percentage of vegetation among the urban clusters was approximately 
59%. Specifically, we divided all urban areas into 11 bins according to the size. The average area of 
vegetation among the bins ranged from 6 km2 to 388 km2, and the percentage of vegetation pixels to 
the total pixels in each bin was greater than 50%. Thus, we can assume that there are adequate 
vegetation pixels in urban areas for the purposes of analysis [44]. The rural extent was determined 
by keeping its size the same as that of the urban extent [45]. That is, we gradually increased the 
buffering zone around the initial shape of the urban area until the extent of the surrounding rural 
area was equal to the corresponding urban area. In rural areas, the area of vegetation was nearly 
70,000 km2, accounting for almost 90% of the total rural area (Figure 2). 

(a)

 

  
(e) (f) 

Figure 1. Urban clusters and rural buffers in (a) China and the three enlarged examples in (b) Beijing; 
(c) Lhasa, and (d) Guangzhou, which illustrate the extent of the urban clusters; (e) The average size 
of the urban area in each bin; (f) The average size of the vegetation area in each bin. The percentage 
is the proportion of the number of vegetation pixels to the total number of pixels in each bin. The unit 
of area is km2. 

We divided China into three climate zones, i.e., the tropical/subtropical, temperate and Tibetan-
plateau climate zones, as described in Wang et al. [52]. Among the three climate zones, the annual 

Figure 1. Urban clusters and rural buffers in (a) China and the three enlarged examples in (b) Beijing;
(c) Lhasa, and (d) Guangzhou, which illustrate the extent of the urban clusters; (e) The average size of
the urban area in each bin; (f) The average size of the vegetation area in each bin. The percentage is the
proportion of the number of vegetation pixels to the total number of pixels in each bin. The unit of
area is km2.
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Figure 2. The EVI values corresponding to the dormancy onset date from the product MCD12Q2 in
three enlarged examples to show vegetation configuration. The EVI was the mean value from 2011 to
2014 to mitigate the uncertainty from annual fluctuations. The enlarged examples are (a) Beijing in
the temperate climate zone; (b) Lhasa in the Tibetan-plateau climate zone and (c) Guangzhou in the
tropical/subtropical climate zone. Please refer to Figure 1 for their locations in China.

We divided China into three climate zones, i.e., the tropical/subtropical, temperate and
Tibetan-plateau climate zones, as described in Wang et al. [52]. Among the three climate zones,
the annual accumulated temperature (i.e., the annual sum of daily mean temperature when it was
equal to or larger than 10 ◦C) in the tropical/subtropical climate zone was above 8000 ◦C, while the
annual accumulated temperature in the temperate and Tibetan-plateau climate zones were below
8000 ◦C and 2000 ◦C, respectively. Specifically, there were 343 urban clusters in the tropical/subtropical
climate zone, and the average size of the urban areas was approximately 120 km2. The number of
urban clusters in the temperate and Tibetan-plateau climate zones were 688 and 10, respectively.
The average sizes of the urban areas in the temperate and Tibetan-plateau climate zones were 56 km2

and 45 km2, respectively.

2.2. Data

The main data used in this study include the urban area, vegetation phenology, land cover,
LST and auxiliary data. The urban area data for China had a spatial resolution of 1 km and were
produced by Zhou et al. [59,60]. The data can accurately reflect the urban pattern at a large scale.
The average Kappa and average overall accuracy of the data are greater than 0.54 and 93%, respectively.
We resampled the urban area data from a 1-km resolution to a 500-m using a nearest neighbor approach
to make the data consistent with other Moderate Resolution Imaging Spectroradiometer (MODIS)
products [45].

The vegetation phenology data were derived from the MODIS land cover dynamic product
MCD12Q2 at a resolution of 500 m [64]. The data were radiometrically calibrated, georeferenced and
corrected for atmospheric effects. These data have been validated with field observations [65] and
have been widely used in previous studies [66].

The land cover data were derived from the MODIS product MCD12Q1 at a resolution of 500 m [67].
The vegetation types of the International Geosphere Biosphere Programme (IGBP) in MCD12Q1
include evergreen forest (EF), deciduous forest (DF), mixed forest (MF), shrubland (SB), grassland
(GL), cropland (CP), and natural mosaic [68].

The LST data were derived from the MODIS product MYD11A2 with a spatial resolution of 1 km
and errors within 1 K. The product was built from the clear-sky observations at 1:30 AM and 1:30 PM
local solar times using the generalized split-window algorithm [69,70]. Similarly, we resampled
the data to a 500-m resolution using the nearest neighbor approach. The auxiliary data, including
the administrative boundaries in China at a scale of 1:4,000,000, were collected from the National
Geomatics Center of China (http://ngcc.sbsm.gov.cn).

http://ngcc.sbsm.gov.cn
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2.3. Methods

The method for assessing the impact of urbanization on vegetation phenology using remotely
sensed data is illustrated in Figure 3. First, we analyzed the difference in vegetation phenology
between the urban and rural areas. Then, we evaluated the trend of the vegetation phenological
differences from 2001 to 2014. Finally, we investigated the variations in the urbanization impacts
on vegetation phenology across vegetation types as well as the relationship between the vegetation
phenology and LST.
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2.3.1. Phenology Indicators

Following Li et al. [45], we examined the impact of urbanization on vegetation phenology using
the SOS, EOS and GSL as phenological indicators. The SOS and EOS indicate the dates of onset and
the end of photosynthetic activity, respectively. The GSL is defined as the difference between the EOS
and SOS. Meanwhile, we excluded the extreme values in the vegetation phenology data. That is, we
excluded the pixels with an SOS before the 30th day of the year or later than the 180th day of the year.
Similarly, the EOS was constrained between the 240th and 350th day of the year. We extracted three
phenology indicators in the urban and rural areas in China from 2001 to 2014.

2.3.2. Differences in Phenology between the Urban and Rural Areas

The ratio of vegetation phenology between the urban areas and their corresponding rural areas in
China was examined using a regression analysis as shown below:

Pub = a•Pr (1)

where Pub is the mean value of the vegetation phenology indicators (i.e., SOS, EOS and GSL) from 2011
to 2014 in the urban areas. Pr represents the mean value of the vegetation phenology indicators from
2011 to 2014 in the corresponding rural areas, and a indicates the relationship of phenology between
the urban and rural areas. If a is larger than 1, it indicates that the SOS or EOS in the urban areas have
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a delay with respect to the values in the rural areas, or the GSL is extended. If a is smaller than 1,
it indicates that the SOS or EOS in the urban areas will be advanced, or the GSL will be shortened.
We confirmed the statistical significance of the regression model using t-test. That is, the phenological
difference between the urban and corresponding rural areas was significant in this study when the P
was lower than 0.05. We used the mean value of the phenology indicators from 2011 to 2014 to mitigate
the uncertainty from annual fluctuations. We also calculated the difference in phenology between the
urban and its corresponding rural area to show the specific impacts of urbanization.

2.3.3. Trend of the Phenological Differences between the Urban and Rural Areas

We analyzed the trend of the phenological differences between the urban and corresponding rural
areas from 2001 to 2014 using a linear regression analysis, as shown below:

y = b•t + c (2)

where y is the regression value of the phenological difference between the urban and corresponding
rural areas in the year t. An increase in |y| indicates that the phenological difference increases over
time, and a decrease indicates that the difference decreases over time. b is the slope of the regression
line, which represents the annual change rate of the phenological difference. c represents the intercept.
In addition, we performed the significance test for the regression equation, as indicated by the p values.
Specifically, the phenological difference between the urban and corresponding rural areas experienced
a significant change when p was lower than 0.05.

2.3.4. Relationship between Vegetation Phenology and LST

We analyzed the relationship between vegetation phenology and LST by pooling all urban and
rural areas using Pearson’s correlation coefficient, as shown below:

R =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2

√
n
∑

i=1
(yi − y)2

(3)

where R is the correlation coefficient between vegetation phenology and LST. Xi is the vegetation
indicator in the urban or rural area i, and Yi is the LST in the corresponding urban or rural area.
The LST was represented by the mean value from 2011 to 2014, which was consistent with the
vegetation phenology indicator, for mitigating the impact of annual fluctuations. The significance
test was performed for the correlation coefficient as indicated by t-test. Specifically, the vegetation
phenology was significantly correlated with the LST when p was lower than 0.05.

3. Results

3.1. Differences in Phenology between the Urban and Rural Areas

The three phenology indicators (i.e., SOS, EOS and GSL) showed a distinct difference between the
urban and rural areas in China. Overall, urban areas were associated with an earlier SOS and a later
EOS, resulting in a longer GSL (Figure 4). The SOS occurred earlier in the urban areas, as suggested by
the regression slope smaller than 1 (R2 = 0.78). For the EOS, the slope of the regression line was greater
than 1, suggesting a delayed EOS in the urban areas (R2 = 0.70). The slope of the regression line for
the GSL was greater than 1, suggesting an extended GSL for the urban areas (R2 = 0.73). Specifically,
in the urban areas, the average SOS was approximately 102, and the average EOS and GSL were
approximately 298 and 196, respectively. In the rural areas, the average SOS was 104, and the average
EOS and GSL were 297 and 193, respectively. On average, the SOS was advanced by 2.4 days (P < 0.01),
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while the EOS was delayed by 0.7 days (P < 0.01) in the urban areas. Consequently, the GSL was
extended by 3.1 days (P < 0.01) (Table 1).Remote Sens. 2018, 10, x FOR PEER REVIEW  7 of 16 
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Table 1. The impact of urbanization on vegetation phenology.

Area
SOS (DOY) EOS (DOY) GSL (Day)

Urban Rural 4SOS Urban Rural 4EOS Urban Rural 4GSL

China
Mean 101.8 104.2 −2.4 ** 297.9 297.2 0.7 ** 196.1 193.0 3.1 **

SD 20.9 23.4 10.1 11.9 12.8 6.4 26.9 30.4 13.7

Tibetan-plateau
climate zone

Mean 99.1 106.6 −7.5 ** 306.7 303.7 3.0 ** 207.6 197.1 10.5 **
SD 14.2 13.4 5.7 8.2 10.0 2.8 21.5 21.8 5.9

Temperate climate
zone

Mean 101.5 105.1 −3.6 ** 295.0 293.2 1.8 ** 193.5 188.1 5.4 **
SD 17.9 22.4 8.1 10.9 11.4 5.5 25.9 30.7 11.3

Tropical/subtropical
climate zone

Mean 102.4 102.4 0 303.3 305.2 −1.9 ** 200.9 202.8 −1.9
SD 26.0 25.4 12.9 11.9 11.8 7.5 28.1 27.7 16.8

Note: DOY refers to the date of the year. SD refers to the standard deviation. ** Significant at the 0.01 level.

The phenological difference between the urban and rural areas varied by climate zone (Table 1).
Urban areas had an earlier SOS, later EOS and longer GSL compared to the rural areas in the
Tibetan-plateau climate zone and the temperate climate zone, which was in line with the trend
at the national scale. Specifically, in the Tibetan-plateau climate zone, the average SOS was advanced
by 7.5 days (P < 0.01), while the EOS was delayed by 3.0 days (P < 0.01). Consequently, the GSL
was extended by 10.5 days in the urban areas (P < 0.01). In the temperate climate zone, the SOS was
advanced by 3.6 days (P < 0.01), while the EOS was delayed by 1.8 days (P < 0.01). As a result, the
GSL was extended by 5.4 days in the urban areas (P < 0.01). In contrast, urbanization had a significant
influence only on the EOS in the tropical/subtropical climate zone. The EOS was advanced by 1.9 days.
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3.2. Trend of the Phenological Differences between the Urban and Rural Areas

The difference in the SOS and GSL between urban and rural areas increased at the national scale
from 2001 to 2014 (Figure 5). The difference in the SOS increased from 1.0 days in 2001 to 2.3 days in
2014, with an annual rate of 0.2 days (R2 = 0.39, P < 0.05). The difference in the GSL increased from
2.1 days in 2001 to 3.3 days in 2014, with an annual rate of 0.2 days (R2 = 0.31, P < 0.05). The difference
in the EOS did not show a significant trend over time.
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In the Tibetan-plateau climate zone, the difference in the GSL between the urban and rural areas
increased significantly. The difference in the GSL between the urban and rural areas increased from
3.0 days in 2001 to 8.8 days in 2014, with an annual rate of 0.4 days (R2 = 0.34, P < 0.05). In the
temperate climate zone, the difference in the SOS and GSL between the urban and rural areas increased
significantly. The difference in the SOS increased from −0.7 days in 2001 to 2.3 days in 2014, with an
annual rate of 0.2 days (R2 = 0.43, P < 0.05). The difference in the GSL increased in the urban areas from
1.0 days in 2001 to 7.8 days in 2014, with an annual rate of 0.3 days (R2 = 0.57, P < 0.01). The difference
in the vegetation phenology between the urban and rural areas did not change significantly in the
tropical/subtropical climate zone.
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4. Discussion

4.1. Impacts of Urbanization on Phenology across Vegetation Types

The impact of urbanization on phenology varies across vegetation types [45]. Therefore, we
further analyzed the variations in the impact of urbanization on phenology in China at the national
and climate zone levels (Figure 6 and Table 2). We calculated the phenological differences between the
urban and the corresponding rural areas with the same dominant vegetation type (i.e., the type that
covered the largest area). We presumed that the phenological differences between the urban and the
corresponding rural areas were mainly derived from the dominant vegetation type [44]. We found
that there were significant differences in the SOS between the urban and rural areas in shrublands,
grasslands and croplands (P < 0.01). Specifically, the SOS in shrublands, grasslands and croplands
were advanced by 10.0, 5.7 and 1.4 days, respectively. The EOS had significant differences between
the urban and rural areas in shrublands and grasslands (P < 0.05) and were delayed by 4.3 and 2.8,
respectively. For the GSL, there were significant differences between the urban and rural areas in
shrublands, grasslands and croplands (P < 0.01). Among the three vegetation types, the GSL showed
the largest increase in shrublands, which was 14.4 days. The GSL in grasslands and croplands increased
by 8.9 days and 1.6 days, respectively. These findings were consistent with those of previous studies,
which found that the impacts of urbanization on phenology were the greatest in shrublands and
grasslands [28]. The EOS in croplands did not exhibit a significant change because of the impact of
human management [20].

The impact of urbanization on different vegetation types also varied among climate zones (Table 2).
The phenology showed significant differences between the urban and rural areas in most vegetation
types in the Tibetan-plateau climate zone and the temperate climate zone (P < 0.05). Specifically, in the
Tibetan-plateau climate zone, the SOS, EOS and GSL had significant differences between the urban
and rural areas in shrublands and grasslands (P < 0.05). In the temperate climate zone, the SOS had
significant differences between the urban and rural areas in shrublands, grasslands, croplands and
natural mosaic (P < 0.05). The urban-rural differences of the EOS and GSL in natural mosaic were also
significant (P < 0.05). The difference in the EOS and GSL was significantly in only croplands in the
tropical/subtropical climate zone (P < 0.05).
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Table 2. The impact of urbanization on phenology across vegetation types (unit: day).

Area
Tibetan-Plateau

Climate Zone
Temperate

Climate Zone
Tropical/Subtropical

Climate Zone

4SOS 4EOS 4GSL 4SOS 4EOS 4GSL 4SOS 4EOS 4GSL

Evergreen
forest

Mean - - - - - - 5.0 −0.3 −6.1
SD - - - - - - 8.2 4.7 12.0

Mixed forest
Mean - - - −0.6 1.0 1.7 −1.7 0.4 2.1

SD 3.4 1.3 4.3 6.8 3.1 8.0

Shrubland
Mean −4.6 ** 6.0 ** 10.5 ** −10.8 ** 4.1 * 14.9 ** - - -

SD - - - 6.9 4.2 9.3 - - -

Grassland
Mean −7.8 ** 2.6 * 10.5 ** −6.3 ** 3.1 ** 9.4 ** −1.3 1.1 5.0

SD 5.9 2.7 6.2 6.2 3.6 8.6 16.7 10.1 25.0

Cropland Mean - - - −2.2 ** 1.3 ** 3.6 ** 0.1 −2.4 ** −2.2 *
SD - - - 8.6 6.1 11.8 12.6 7.2 14.8

Natural
mosaic

Mean - - - −2.2 2.0 ** 4.1 * 1.6 −2.9 −6.3
SD - - - 3.2 1.3 3.9 16.4 8.6 23.7

Note: SD refers to the standard deviation. * Significant at the 0.05 level. ** Significant at the 0.01 level.

4.2. Relationship between Phenology and LST

Temperature is one of the most important factors affecting vegetation phenology. It is recognized
that urbanization can cause significant differences in temperature between urban and rural areas, which
is known as the urban heat island [19,71–73]. Thus, following the method used by Zhou et al. [13], we
further examined the relationship between vegetation phenology and LST at multiple scales (Table 3).
We found that an earlier SOS, a later EOS and a longer GSL were associated with an increase in the LST,
which is in line with the results of previous studies [13]. Specifically, the SOS was negatively correlated
with the LST, and the correlation coefficient was −0.24 (P < 0.01). The EOS and GSL were positively
correlated with the LST, and the correlation coefficients were 0.56 and 0.44 (P < 0.01), respectively.
Therefore, we inferred that urbanization could affect vegetation phenology by changing the LST.

Table 3. Relationship between LST and phenology in urban and rural areas.

Phenological Indicator China Tibetan-Plateau
Climate Zone

Temperate
Climate Zone

Tropical/Subtropical
Climate Zone

SOS
Correlation coefficient −0.24 ** −0.44 * −0.80 ** 0.68 **

RMSE 21.3 12.9 11.9 18.8

EOS
Correlation coefficient 0.56 ** 0.64 ** 0.58 ** 0.16 **

RMSE 10.1 7.1 8.9 11.7

GSL
Correlation coefficient 0.44 ** 0.55 * 0.81 ** −0.52 **

RMSE 25.3 18.7 16.5 23.7

Note: RMSE refers to the root mean squared error. * Significant at the 0.05 level. ** Significant at the 0.01 level.

The relationship between vegetation phenology and LST in the Tibetan-plateau climate zone
and the temperate climate zone was consistent with the relationship at the national scale. In the
Tibetan-plateau climate zone, the correlation coefficient between the SOS and LST was −0.44 (P < 0.05).
The correlation coefficients between the EOS and LST and between the GSL and LST were 0.64 (P < 0.01)
and 0.55 (P < 0.05), respectively. In the temperate climate zone, the correlation coefficient between
the SOS and LST was −0.80 (P < 0.01). The correlation coefficients between the EOS and LST and
between the GSL and LST were 0.58 (P < 0.01) and 0.81 (P < 0.01), respectively. The increase in the
LST was associated with a later EOS and SOS and a shorter GSL in the tropical/subtropical climate
zone. The possible reason explaining this result is that the temperature is not the major factor limiting
vegetation growth in this climate zone that has a high temperature [64,65].



Remote Sens. 2018, 10, 1905 12 of 16

5. Conclusions

This study investigated the impact of urbanization on vegetation phenology at the national and
climate zone scales using remotely sensed data. Specifically, we analyzed the differences in vegetation
phenology between the urban and rural areas and the trend of the phenological differences. We found
that vegetation phenology showed a distinct difference between the urban and rural areas in China.
The phenological differences between the urban and rural areas increased from 2001 to 2014.

We also investigated the impact of urbanization across vegetation types and the relationship
between vegetation phenology and LST. The results indicated that the impact of urbanization on
vegetation phenology varied among different vegetation types at the national and climate zone levels.
An earlier SOS, a later EOS and a longer GSL were associated with the increase in LST.

It is of great significance to choose an appropriate data preprocessing model when estimating
vegetation phenology. The data we used underwent a smoothing process based on the fitted logistic
function and performed well in most areas of China [65,74]. However, there are still other data
preprocessing models that have a better accuracy in some specific study areas [44,75]. Thus, special
attention should be paid to the applicability of the data preprocessing models in a given study
area. In addition, the earth observation sensor types can also affect the estimation of vegetation
phenology [47,48]. The differences and similarities of urbanization impacts on vegetation phenology
can be explored by using data from different earth observation sensors in the future.

The findings from this study are of great use for policymakers and managers in urban and regional
planning. Our results can benefit from more comprehensive datasets. First, the spatial resolution
of the remotely sensed data is 500 m, which makes it difficult to adequately capture the impact of
urbanization in small urban areas. Second, we only analyzed the relationships between LST and
vegetation phenology. However, other factors still affect vegetation phenology. In the future, high
spatial resolution phenology data can play an important role in investigating the impact of urbanization
on vegetation phenology [76–78]. An improved understanding of the driving mechanisms and factors
(e.g., precipitation and soil condition) of the impact of urbanization on vegetation phenology is still
needed [20,28].
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