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Highlights

* Spatiotemporal UHI variations response to dynamic rural-urban transitions.
* Three-stage analysis reveals long-term UHI and urbanization traits.
* UHI patterns differ in two cities based on surrounding crop cycles.

* The profiles in three stages show the horizontal and vertical expansion of the city

Abstract: Urban heat island (UHI) not only reflects the environmental thermal comfort
and energy consumption, but also affects the urban meso-scale climate. There are many
researches related with UHI mainly focusing on urban and rural area, while neglecting
dynamic rural-urban transition especially in a rapid urbanization in China. Beijing and
Zhengzhou are studied by using city clustering algorithm (CCA) and boundary
generation algorithm (BGA) to delineate the urban, peri-urban and rural boundaries
from 2000 to 2023 within three stages. Fourier transform model was used to identify
the UHI patterns. Results show: 1) Two cities have undergone obvious expansions in
20 years, with a consistent mean LST decrease from urban to peri-urban and rural areas
in three stages. 2) The distribution of UHII was more consistent in Beijing, while it
varied more in Zhengzhou across seasons. 3) The UHI patterns notably differ, with
Zhengzhou experiencing variable patterns and Beijing consistently showing oblate
patterns. 4) The profiles of UHII and NDVI in two cities varied seasonally and reflected
urban expansions in terms of longitude and latitude. Understanding the long-term
changes and patterns of urban heat islands in different cities will provide information

for formulating adaptive policies for urban sustainability.
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1 Introduction

Urban heat island (UHI), the temperature in urban area higher than that of in rural
arca(Oke et al., 2017), is one of the most reflection of human activities on natural
environment. UHI not only represents apparently the temperature difference but also
indicates energy balance difference which may affect the atmosphere-land-water
cycle(Stassen et al.,, 2019), biodiversity(Knapp, 2010), even climatic
change(Ghazanfari et al., 2009). The urban heat island phenomenon causes urban
residents to live in discomfort, and in more extreme cases, it can lead to death(He, 2019;
Hou et al., 2022; Kim and Brown, 2021). One research has shown that the heat island
effect causes additional physiological stress in the human body, which may lead to the
occurrence and aggravation of heat stroke, cardiovascular and respiratory diseases,
especially in children and the elderly population(Shahmohamadi et al., 2011).
Meanwhile, due to the high temperature in the city center, it has a negative impact on
places that require cooling in summer, which means higher electricity expenditure for
the country and is not conducive to environmental protection(Lu et al., 2010). Hence,
the phenomenon of urban heat islands has garnered significant attention from urban
planners, policymakers, environmental regulators, public health authorities, and the
academic community.

From an internal perspective, the heat environment spatial distribution are
2
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inhomogeneous because of the different properties of urban and rural, including albedo
and roughness of underlying surface(Li et al., 2021; Saaroni et al., 2018; Tian et al.,
2021), energy consumption and emission(Ali et al., 2021), and sky-view factors caused
by high-rise building(Dirksen, 2019).These urban characteristics differs from rural area
by altering the natural surface energy and radiation balances (Oke, 1982). Meanwhile,
activity-intensive areas in urban areas and a large number of buildings with high
thermal mass and insulation may exacerbate the urban heat island effect (O’Malley et
al., 2015). From an external perspective, global warming leads to an increase in average
global temperatures, which increases heat in cooling-intensive areas such as urban areas
and promotes the heat island effect(Kolokotroni et al., 2012).

According to the different measurement heights, research on urban heat islands is
typically divided into canopy urban heat island (CUHI) and surface urban heat island
(SUHI). CUHI is usually a small-scale and meticulous study, which typically employs
measurement stations to obtain temperature data and calculate the UHI effect(Deilami
et al., 2018), involves exploring detailed underlying surfaces and utilizing various
statistical methods(Zou et al., 2021). However, the thermal environment typically
exhibits clustered distribution and is influenced by the three-dimensional distribution
of urban landscapes and buildings, as well as the spatial distribution of heat flux in the
region. Small-scale analyses may not adequately reflect the overall situation, so remote
sensing-based SUHI is widely employed in urban heat island research at the same
time(Huang and Lu, 2018). In recent years, research that utilized large remote sensing

datasets to study heat island patterns in 50 cities found that disparities in Land Surface
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Temperature (LST) were evident not only between urban and natural categories but also
within the urban categories(Bechtel et al., 2019a). Further research on the thermal
conditions and driving factors of the urban interior three-dimensional landscape shows
that, urban green space (UGI) and average building height (ABH) had a greater impact
on SUHI intensity, with the relative contribution of UGI decreasing with the increase
of building density and building height, while ABH showed the opposite trend(Zhou et
al., 2022). Synthesizing current research, it can be found that due to its wide detection
range and comprehensive spatial information, SUHI has been widely used in the study
of urban heat issues and related urban heat island effects(Li et al., 2022; Xia et al., 2022;
Zhou et al., 2018).

There are mainly two ways to differentiate the urban extent and background extent
according to data used, city social-economic data and city spatial data. The method
based on city social-economic data defines population agglomerations through
Metropolitan Statistical Areas (MSAs), which start from a densely populated central
area and include surrounding counties if there are social or economic connections. The
method based on city spatial data involves generating Built-up Intensity (BI) maps
through land use data to differentiate between cities and buffer zones with the same
area as the cities(Zhou et al., 2014).

Although there are a lot of studies focusing on the UHI dynamics and some critical
questions are still not emphasized. (1) Urban heat island patterns are usually studied by
geographically weighted regression(Gao et al., 2022), Geodetector(Feng et al., 2021),

random forests(Oukawa et al., 2022) and other methods. Although these methods can
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better handle a large number of variables, they have a lower degree of visualization and
cannot better respond to the changing pattern of urban heat island between multiple
time periods. (2)UHI or Land Surface Temperature(LST) studies based on single time-
point and a continue time-series data (Busato et al., 2014; Geng et al., 2023; Li et al.,
2011) have different usage and reliability. Opting for the mean value of continuous time
series alone may result in a weakened representation of the urban heat island
phenomenon during calculation. Moreover, geophysical and climatic phenomena often
lack specificity when based solely on results from a singular point in space or time.
(3)The boundary of urban and rural is the critical factor influencing the UHI
results(Azevedo et al., 2016). Numerous studies(Bechtel et al., 2019b) have attempted
to clarify the impact of spatial and temporal variation on the urban heat island
phenomenon and the spatial pattern on the thermal environment in urban areas through
the temperature difference between the city and the suburbs, however, many current
studies do not take into account the existence of buffer zones between urban and rural
areas.

Given the three issues identified in urban heat island research and the rapidly
deteriorating environmental hazards caused by the heat island effect, there is an urgent
need for a more comprehensive approach to quantifying changes and patterns in the
surface urban heat island, providing city planners and governments with accurate
quantitative methods and a basis for action. Therefore, this paper starts from multiple
dimensions across different times and spaces, analyzing the changes in the heat island

distribution of two cities representing different levels of development in China over the
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past 20 years: Beijing and Zhengzhou. Specifically, the goal of this study is: (1) Reveal
the differences in heat island patterns brought about by urban-rural changes. (2) Propose
methods to address the weaknesses in representation of the UHII when relying solely
on mean values or data from singular points in space or time. (3) Propose an extended
solution aimed at addressing a oversight in traditional urban heat island effect
calculations: the insufficient consideration of buffer zones between urban and rural

arcas.

2 Data and Methods

2.1 Study area

Beijing, a great mega-city in the world, has experienced rapid growth, with
population escalating from 13.636 million in 2000 to 21.843 million by the end of 2022.
The urbanization rate of Beijing rose from 54.9 percent in 1978 to 85.9 percent in 2018,
and is now at an advanced stage of stable urbanization(Dai et al., 2022). Beijing, serving
as China's capital and political center, has rapidly evolved into a global first-tier city,
encapsulating the developmental characteristics of great mega-cities in China.
Zhengzhou is a megacity, currently defined as a second-tier city by the Chinese
government, located in the central and northern region of China, serving as the capital
of Henan Province. In the past two decades, Zhengzhou has witnessed significant
economic growth, experiencing rapid urbanization. Zhengzhou, as a typical city
benefiting from China's policy of prioritizing the development of provincial capitals, is

the fastest-growing city in the province. Beijing and Zhengzhou are representative of
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two types of cities in China—first-tier and second-tier cities, respectively. Therefore,
we have selected Beijing and Zhengzhou as the subjects of our study for comparative
analysis, aiming to explore the SUHII (Surface Urban Heat Island Intensity) response

under varying urban expansion rates.

2.2 Data sources and pre-processing

Globe Land Collection 30 (GLC30) developed by the National Geomatics Center
of China, with an overall spatial accuracy of 82.4% and a spatial resolution of 30m in
China is used to better extract built-up areas(Jun et al., 2014). This data was classified
for land cover using interactive human-computer methods, based on multispectral
imagery from the United States' Landsat satellites (TM5, ETM+, OLI) and China's HJ-
1 environmental disaster mitigation satellite. It has high spatial accuracy in China and
has been widely used by scholars for calculating relevant indices in urban heat island
assessments as underlying surface data(Cai et al., 2023; Li et al., 2024; Yan et al., 2022).
GLC30 is distributed through the website provided by the National Geomatics Center

of China (http://globeland30.org). GLC30 presentations for the three periods can be

found in Fig.1. MOD11A2, with a 500m resolution, provides an 8-day combination of
MODIS land surface temperature products. Each pixel value in MOD11A2 is a simple
average of all the corresponding MOD11A1 LST pixels collected during that 8-day
period. MOD13A2 provides Normalized Differential Vegetation Index (NDVI) values
per pixel at 1 km spatial resolution. The algorithm of product selects the best available
pixel value (low cloud, low view Angle) from all the acquisition over a 16-day period.

The derived products of MODIS have a higher temporal resolution, thus they can reflect
7
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the fine-grained changes in heat islands. This product is also widely used by scholars
for the research of heat islands(Clinton and Gong, 2013; Liao et al., 2022; Mohammad
and Goswami, 2023) .MOD11A2 and MODI13A2 are distributed by the Level-1 and
Atmosphere Archive and Distribution System (LAADS) and are available through the

website (https://ladsweb.modaps.eosdis.nasa.gov) .

Compared to land, water bodies have a higher specific heat capacity, which makes
them heating slower during the day and cooling slower at night. This physical property
causes a significant temperature difference between the water body and the surrounding
surface, which affects the accuracy of UHI calculation. Therefore, in this study, LST

pixels in the water body area were removed to improve the accuracy of SUHI evaluation.

Fig. 1. The land use/land cover (LULC) of GLC30 in the study area. The red area is
artificial land, the pink area is cultivated land, the blue part is water, and the green

part is woodland or grassland. The black dashed line represents the vertical and
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horizontal lines starting from the center point of the minimum bounding rectangle in
the urban impermeable area. This line is the contour line mentioned later

In addition, we utilized ERAS5-Land, a reanalysis dataset that offers a coherent
perspective on the changes in meteorological parameters over multiple decades. This
dataset provides temperature data at a finer resolution than ERAS, enabling us to extract
a more detailed view of temperature trends. Compared with the point data of traditional
weather stations, the per-pixel data provided by the ERAS5-Land is more fine-grained.
It provides air temperature 2 meters above the surface of land, sea or inland water,
within urban areas inhabited by humans, offers a more accurate reflection of the effects

of urban heat island on human life.

2.3 The urban and rural extent delineation

To better research the response of two different levels of urban sprawl to the urban
heat island phenomenon, 30m resolution land cover data (GLC30) of 2000, 2010, and
2020 are divided into three areas of equal area: city urban (U), peri-urban (P), and rural
(R) by using CCA and BGA. Due to the fact that the error in selecting the average value
of a continuous time series alone is greater than that of a long time period, we divided
the imaging cycle of GLC30 products into three time periods: P2000 (2000.3 to 2005.2),
P2010 (2008.3 to 2013.2), and P2020 (2018.3 to 2023.2). And then, all temperature of
cluster (TC), temperature of background (TB), UHII and Temperature Difference (DT,
means temperature of the cluster minus the temperature of the background) are

calculated in three periods: P2000, P2010 and P2020.
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2.4 Identification of UHI patterns using Fourier transform models

To disclose the UHII change response to urban expansion due to rapid urbanization,
third order Fourier series transformation model was chosen to build the UHI patterns,
from which TB-DT relationship is interpreted. The formula is shown as Equation 1:
Fit)=ag+X3_, (an cos% + b,, sin %) (1)
where F(t) means either TB or DT, P represents 12 months, t the times t;t =
1,2...60, ay,ay, b, are the Fourier coefficients, a, is especially referred to as the
mean of F(t). After the coefficients are obtained, fitted values of TB; and DT; are
used to build the fitting curve.

Since peri-urban and rural areas have more similar characteristics, we consider

combining the two on the calculation of the traditional UHIL. UHII is calculated by the

following formula:

Yity ngi) +Xj21 )

n+m

UHII® =T1® _

)

where UHII® is the UHII of p-th pixel, T® means the temperature of p-th pixel, n
and m refer to total pixels of peri-urban and urban. Tp(i), Tr(j )is the temperature value
of the i-th, j-th pixel in the peri-urban, rural region, respectively.

The method for UHI pattern recognition based on Fourier fitting is illustrated in
Fig 2. Initially, we acquire the LST layer from MOD11A2, followed by extracting the
LST layer for areas determined by the CCA-BGA algorithm. Subsequently, we
calculate the DT (UHII) and determine the monthly averages for TB and DT. A Fourier
fitting relationship between TB and DT is then established. Finally, we create graphs

and conduct analysis based on this relationship.

10
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Fig. 2. Flowchart of the UHI Pattern Recognition Process.

3 Results

3.1 Three stages rural-urban dynamic transition

Table 1 and Fig. 3, the average area of Zhengzhou increased by 2.20 times from
2000 to 2010, 2.05 times from 2010 to 2020. The average area of Beijing increased by
1.42 times from 2000 to 2010, 1.53 times from 2010 to 2020. The cluster arca of

Zhengzhou in 2020 is roughly the same as that of Beijing in 2000.

11
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Fig. 3. The cluster map and boundary map of Zhengzhou and Beijing

Table 1. Cluster area of Beijing Zhengzhou, 2000,2010, and 2020

2000 2010 2020
Area (km?)
U P R U P R 18] P R
Beijing 652.68 653.38 651.84 92549 92444 92597 141998 1418.74 1421.16

Zhengzhou 153.97 153.56 154.50 338.62 338.84 339.50 693.19 693.40 694.30

It can be seen from the average monthly LST data (Fig. 4) that urban, peri-urban
and rural areas of Zhengzhou have the highest mean LST values in June, which is
increasing every year (36.32°C, 37.17°C, 37.67°C), while the highest temperature in
Beijing in each study period was distributed in different months. In P2000 and P2010,
the highest temperature of Beijing was in July (37.69°C, 36.54°C), but in P2020, it was
in June(36.66°C). The majority of the high-temperature period (most are above 25°C)
is concentrated between April and September in Zhengzhou and Beijing, while the
moderate-temperature period (most are between 15°C and 25°C) is concentrated in
March and October and the low-temperature period (most are below 15°C) is

concentrated in January, February, November and December. In most months in
12



OCoO~NOUAWNE

Zhengzhou, the average LST of U, P and R decreased, except for January, February,
November and December P2010, which increased in February P2020, October P2010,
January P2020, March increased first and then decreased, and June P2020, October
decreased first and then increased. In most months in Zhengzhou, the average LSTs of
U, P, and R decrease, except for January, February, November, and December of P2010,
and February of P2020, where they increase. In October of P2010 and January, March
and December of P2020, they increase first and then decrease. In June and October of
P2020, they decrease first and then increase. In most months in Beijing, the average
LSTs of U, P, and R also decrease, except for January and February of P2010, where
they increase. In January, February, March, and December of P2000, and January,
February, and December of P2020, they increase first and then decrease. In October and
December of P2010, they decrease first and then increase. In both Zhengzhou and
Beijing, the mean values from U to P and from P to R decrease in each period. In
Zhengzhou, from U to P and from P to U, they decrease by 1.13°C and 0.61°C in P2000,
0.84°C and 0.41°C in 2010, 0.76°C and 0.48°C in P2020. In Beijing, from U to P and
from P to U, they decrease by 0.82°C and 0.6°C in P2000, 0.95°C and 0.31°C in 2010,

1.04°C and 0.63°C in P2020.

13
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Fig. 4. Mean monthly LST of two periods in urban, peri-urban and rural of Beijing
and Zhengzhou. The abscissa represents the temperature of the region (U, P, R) in
three stages. The ordinate is an acronym for the month, while the first row is the
average for the corresponding region and time period.

As shown in Fig. 5, for all the points, the average surface temperature ratio
(P2010/P2000) for the first 10 years and the average surface temperature ratio
(P2020/P2010) for the next 10 years in Zhengzhou are 1.055 and 1.053, respectively.
In Beijing, they are 1.006 and 1.023, respectively. It can be observed that both cities are
experiencing warming trends internally. Similarly, the surface temperature ratios for the
P region and R region in the last 10 years are higher than those for the previous 10 years,
and this trend is also observed in Beijing. The difference lies in the fact that in the first
10 years, only 49% of the points in Beijing had surface temperature ratios more than 1,
indicating that less than half of the points experienced a increase in surface temperature.
However, in the second 10 years, 84% of the points had surface temperature ratios
greater than 1. In Zhengzhou, these two ratios are closer, reaching 91% (P2010/P2000)

and 98% (P2020/P2010) respectively, indicating a uniform increase in surface

14
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temperature within the region. In all three time periods, NDVI values in all areas of
Beijing increased over time, while in Zhengzhou's U region, they initially decreased
and then increased. Beijing's NDVI experienced rapid growth from P2000 to P2010. At
any given time, the NDVI distribution in the U area is always lower than in the P area,
which in turn is consistently lower than in the R area. In the three time periods, surface
temperatures within the urban area of Zhengzhou exhibited a more pronounced increase,
measuring 22.294, 23.488, and 24.721°C, respectively. Surface temperatures in the U,
P, and R regions also showed a slight upward trend. This phenomenon is not obvious in
Beijing, where the surface temperature profiles for the three time periods in the U-
region are closer, with mean values of 20.544, 20.629 and 21.086°C, respectively.
Furthermore, surface temperature fluctuations in Beijing's P and R regions are greater
than those in Zhengzhou, which may be attributed to the more intensive urbanization

and construction activities in Beijing's P and R regions.

| ' | i
I 1 U U | -2
auxey = 2000-NDVI 2010-NDVI aux-y 2000-NDVI 2010-NDVI
2020-NDVI  ==m- LST2010/2000 LST202012010 2020-NDVI  ===- LST2010/2000 LST2020/2010 .
——2000-LST —2({10-LST ——2020-LST! Zhengzhou B ——2000-LST ——2010-LST ——2020-LST Beijing
T T T T : - : |

0 25 50 75 100 125 150 175 200 225 250 275 300 0 25 50 75 100 125 150 175 200 225 250 275 300

Fig. 5. 100 random points were generated on each of the three regions U, P, and R
and the average value at the point was extracted. The random points were sorted in
ascending order according to the LST of P2020. The random points within the U, P, and
R regions were labeled from 1 to 100, 101 to 200, and 201 to 300, respectively,

15
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according to the sorted order. The dashed line in the figure indicates the LST ratio of
the two time periods. The coordinate axis on the left is the shared axis for the ratio of

NDVI and LST. The coordinate axis on the right is LST.

3.2 UHII spatial and temporal variation

As stated in Fig. 6, the overall changes in the means of the two cities are relatively
regular. The annual mean values of UHII in Zhengzhou were 1.474, 1.107, and 1.046,
respectively, and experienced a continuous decline, whereas the annual mean values in
Beijing declined and then increased, and were very close to each other at P2000 and
P2010, reaching 1.126, 1.114, and 1.529 in the three time periods, respectively. the
mean values of UHII in spring in Zhengzhou were higher than those in autumn, whereas

the opposite was the case in Beijing.

3.0
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Fig. 6. Annual UHII and quarterly UHII transformations for both cities. S1, S2, S3
and S4 represent spring, summer, autumn and winter.
As illustrated in Fig. 7, the overall UHII distribution in Beijing is relatively stable,

while Zhengzhou shows a large variation in all seasons. The UHII mean values for all
16
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years in the inner-city summer in Zhengzhou were 2.483 and 2.867 for Beijing,
respectively, indicating that the heat island intensity in Beijing was higher than that in
Zhengzhou during this summer. The mean value of UHII in winter in Zhengzhou is -
0.142, while the mean value of UHII in Beijing cluster area is -0.005, which indicates
that the urban cold island phenomenon in winter is more prominent in Zhengzhou than
in Beijing. It is worth noting that the UHII value within the city of Zhengzhou in spring
is 1.658, which is significantly higher than 0.858 in Beijing. The presence of a heat
island effect in Zhengzhou was apparent across all four seasons in the 2000 period.
Specifically, the heat island phenomenon was more prominent during spring, summer
and winter of that year. In Beijing 2000 period, the urban areas with temperatures lower
than the background in spring and winter accounted for 0.489 and 0.504 of the total
urban area, respectively, and the heat island was more obvious in summer. In the 2010
period of Zhengzhou, the heat island in spring and summer was evident, which
gradually dissipated during autumn, and cold island appeared in winter. In the same
time period, the heat island in summer and autumn was obvious in Beijing. During the
spring of 2020 period, no significant heat island effect was observed in Zhengzhou,
while cold island effect was observed in winter. In the summer season, the UHII in the
city center is concentrated, while in the autumn season, the heat is transferred to the
east. In the 2020 period, the distribution of UHII in summer and autumn is similar in
Beijing, with higher UHII values in the southern part and lower values in the northern

part in the spring and winter seasons.

17
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Fig. 7. Spatial and temporal distribution of UHII. The legend of each row is
represented by the color bar located on its right-hand side. S1, S2, S3, and S4 represent
spring, summer, autumn, and winter, respectively. P2000, P2010, P2020 refers to the

period from 2000 to 2005, 2008 to 2013, and 2018 to 2023.
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3.3 Intra-annual UHI patterns

Smooth curves are used to connect the Fourier transform results as shown in Fig.
8. It can be seen that the Fourier fitting curve of Zhengzhou is spiral in 2000 and 2010
periods, and oblate in 2020 period, while Beijing is oblate in all periods. The
transformation of Zhengzhou in 2020 period can be explained by the higher UHII
observed after September as compared to the period between January and April. This
led to a counterclockwise curve in 2020 period, which is significantly different from
the complex patterns observed in 2000 and 2010 periods, and bring the city closer in
line with Beijing in the shape of the curve, where three similarly shaped curves were
observed at different time periods. The general fitting curves of Beijing during the time
periods 0f 2000, 2010, and 2020 show an upward trend, indicating the rise of UHI effect
in tandem with urban expansion. But this situation is not suitable for Zhengzhou
because the curve of Zhengzhou illustrates a complicated trends, especially in 2000
period, the UHII of January, February, March and April in 2000 period was higher than
that of October, November and December, in 2010, the UHII of November and
December is larger than that of January and February, and that of March and April is
larger than that of September and October, August and July are larger than that of May
and June, in 2020 period, July, August, September, October, November, and December
are larger than January, February, March, April, May, and June. From a trend
perspective, the pattern in Zhengzhou is gradually converging with that of Beijing,
reflecting an upward regularity in the urban heat island phenomenon as temperatures

rise. We speculate that this shift may be associated with the policies and geographical
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positions of the two locations.

(a) Beijing (b) Zhengzhou
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Fig. 8. Combination characteristic curve of fitted UHI and monthly mean value. (a)
Beijing, (b) Zhengzhou. The fitted closed curves are obtained from the Fourier
transformation, the delta points are the monthly mean value of DT.

In Zhengzhou, the DN-DT curves (Fig. 9) show a bimodal shape and the peak
values of them are: 2.08°C (May) and 2.69°C (July), 2.24°C(May) and 2.85°C(August),
1.15°C (May) and 2.44°C (July) in 2000, 2010 and 2020 periods. This does not apply
to Beijing, while there was a unimodal shape in Beijing, which was 2.61°C(August),
2.61°C (July), 2.97 °C(August) in the same times. Similarly, we observe that
Zhengzhou has a bimodal DN curve with peak values of 0.167 (March) and 0.260 (July),
0.184 (April) and 0.257 (July), 0.112 (April) and 0.168 (July), while Beijing still
corresponds to a unimodal DN curve with peak values of 0.219 (August), 0.209 (July),
and 0.191 (August). This phenomenon suggests a potential relationship between the
monthly distribution of NDVI and UHII. Moreover, the minor peaks of DN in
Zhengzhou always occur before UHII, while the peaks of DN in Beijing always occur
simultaneously with UHII, and the slopes of DN and UHII in Beijing during three

periods are similar from June to October, which are the same as in Zhengzhou.
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Fig. 9. The mean monthly different temperature (DT, defined as the average
temperature in clustered zones minus the average temperature in boundary zones) and
different NDVI(DN, defined as the average NDVI in clustered zones minus the average
NDVI in boundary zones) in three periods (P2000, P2010 and P2020) in Beijing (a) and

Zhengzhou (b).

3.4 Profiles of UHII and NDVI

Fig. 10 shows yearly UHII and NDVI cross profile in three stages in Beijing and
Zhengzhou. We can see the strong negative relation between UHII and NDVI. It is
noteworthy that the expansion of a city does not necessarily lead to NDVI decrease in
the internal and external of city. The NDVI of the urban area of Beijing showed an
increasing trend in these three time periods, but there was no specific trend in the
suburbs. This may be related to the urban greening measures implemented in Beijing.
However, this cannot be used to explain Zhengzhou, which had the lowest NDVI in
2010 and the highest NDVTI in 2020 period in the horizontal direction of urban center.
From a temperature perspective, both Beijing and Zhengzhou exhibit a north-south
temperature gradient. Vertically, Beijing shows higher temperatures in the central
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region and lower temperatures on both sides, with the eastern side being higher than
the western side. In Zhengzhou, the temperature remains higher in the central region
horizontally, but there is no consistent rule in the temperature variations of the suburban

arcas on the eastern and western sides. This can be attributed, to some extent, to the

changing expansion directions of Zhengzhou.
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Fig. 10. Aggregate yearly UHII and NDVI profile in three stages in Beijing and
Zhengzhou.

Two cities profiles of UHII and NDVI show slight variations across different
seasons in Fig. 11. The UHII distribution in Zhengzhou in summer is high in the middle
and low on both sides in each period, whether horizontal or vertical. In the vertical
direction, the UHII in Zhengzhou is high in the south and low in the north at all time
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periods. During the 2010 period, the winter UHII in the central urban area of Zhengzhou
was lower than that in the surrounding area, until 2020 period, a multi-peak situation
was formed, and the regional distribution of the same latitude was inherited. In the
vertical profile of Beijing in 2000 period, the UHII distribution in winter is very
different from that in spring, summer and autumn. In the vertical profile of Beijing in
2000 period, the UHII distribution in winter is very different from that in spring,
summer and autumn. Winter UHII is high in the south and low in the north, while the
other seasons are the highest in the middle. In the vertical profile of Beijing in 2000
period, the UHII distribution in winter is very different from that in spring, summer,
and autumn, with winter UHII being high in the south and low in the north, while the
other seasons are the highest in the middle. This rule does not apply to 2010 and 2020
period, as in these two years, the UHII in the southern suburbs was higher than that in
the north. Similarly, in the vicinity of the same location, the UHII distributions for each
season are relatively similar.From the horizontal direction, similar to the vertical
direction, the UHII distribution in Zhengzhou in the winter of 2010 period is different
from that in other seasons. The UHII distribution in the suburban areas shows
significant variations across different seasons. During the 2000 period, UHII were
higher in the western region compared to the eastern region. However, in the 2010
period, the situation reversed, with UHII being higher in the eastern region compared
to the western region. By the 2020 period, the peak UHII shifted westward, while still
maintaining its location from the 2010 period. This indicates that urban development
during the 2020 period has been gradually considering the optimization of the urban
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heat environment. Over the periods, the UHII difference during Beijing's summer has
been increasing, while the UHII range showed a reduction in 2010 period during the
winter. Beijing exhibits a noticeable UHII distribution in the horizontal profile, with
higher UHII in the central region and lower UHII on both sides. In the suburban areas,
there is a consistent trend of lower UHII in the western region compared to the eastern
region throughout the year, which might be attributed to the presence of mountainous
areas in the western part of Beijing. Consistent with Zhengzhou, during the 2010 period,
the horizontal UHII distribution in Beijing's winter still showed some inconsistencies
compared to other seasons. To get the heat island expansion size, we further calculated
the peak length transformations in the figure, where Beijing, in the longitudinal
direction, ranges from 9.99 to 28.97 to 44.95 km; and Zhengzhou from 10.99 to 19.98
to 18.98 km. Horizontally, Beijing goes from 32.96 to 33.72 to 43.69 km; Zhengzhou
goes from 13.95 to 18.06 to 23.80 km. This finding indicates that the heat island area
in Beijing has expanded in both directions, while Zhengzhou experienced a contraction
in 2010, which aligns with earlier conclusions.

When comparing the mean NDVI values of Zhengzhou and Beijing for each time
period, we found that the mean NDVI values of Beijing were lower than those of
Zhengzhou in spring, but higher than those of Zhengzhou in summer and autumn; in
winter, they were similar to those of Zhengzhou. This difference stems from the
differences in crop types and phenology between the two places. In order to gain a
deeper understanding of the differences between NDVI within the city and the
surrounding areas, we performed K-Means clustering on the profile data in each season,
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setting the number of clusters to 3 and the maximum number of iterations to 1000 based
on the UHII profile analysis above. The synthesis revealed that the differences in NDVI
between Beijing and Zhengzhou were manifested in the seasonal variability, the
orientation variability, the temporal variability, and the longitudinal and transverse
variability, and the rule of variation is almost opposite to that of UHIL The longitudinal
data showed that the mean NDVI values of Beijing in all seasons increased year by year.
This suggests that, in spring in Beijing NDVI difference with the eastern periphery
increased significantly at P2020, while the difference with the western periphery was
relatively stable. In summer, the difference with the eastern periphery increased
significantly at P2020, and the difference with the western periphery decreased slightly
after peaking at P2010. In autumn, the difference with the western periphery is negative
at P2010, which means that the NDVI values within the city are lower than its western
periphery. The difference with the eastern perimeter is relatively stable. In winter, the
difference with the western periphery is negative at P2020, while the difference with
the eastern periphery gradually approaches zero. This law is just in conflict with the
UHII calculation. The cross-sectional data show that the NDVI values in Beijing are
very similar vertically and horizontally in spring, autumn, and winter, with a difference
of only 0.02 in summer. By calculating the difference between the mean value of the
inner-city areas and the outer areas over three time periods, we found that in spring, the
differences with the southern perimeter increased sharply and then declined gently over
time, and the differences with the northern perimeter stayed in a downward trend with

an increasing rate of decline, which may be related to the fact that vegetation in the
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northern countryside grew faster in the spring relative to the southern perimeter. By
summer, the difference in NDVI with the southern perimeter over time was exactly the
opposite of the spring trend. By autumn, the trends in NDVI differences with the
northern and southern perimeter were closer together. In winter, the NDVI difference
with the southern periphery was increasing, and the NDVI difference with the northern
periphery was decreasing and then increasing. Similar to Beijing, the mean NDVI in
Zhengzhou also increases year by year. The K-means clustering results indicate that in
all seasons, the differences between Zhengzhou and the western The NDVI difference
between Zhengzhou and the western periphery was generally large, especially in
summer when it reached a maximum value of 0.350. For the difference with the western
periphery, the NDVI differences between P2000 and P2010 were similar in spring. For
the differences with the eastern periphery, the trends of P2000 and P2010 in spring,
summer, autumn and winter are similar. Zhengzhou's NDVI values in all seasons have
very similar vertical and horizontal means in the three periods. The trends of NDVI
differences in the three time periods were generally consistent according to the results

of K-means algorithm. In spring and autumn, the difference with the southern periphery

is larger.
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Fig. 11. Synthesized seasonal UHII and NDVI profiles from Zhengzhou and Beijing
mean values. The red line represents the segment cut by the summer UHII curve when

UHII equals 2. This segment can represent the span of the heat island in two directions.

3.5 LST and Air temperature comparison

It is generally assumed that there is a significant correlation between air
temperature and LST(Mutiibwa et al., 2015). The absorption of solar radiation by the
atmosphere and the ground increases the temperature of the atmosphere and the land
surface(Lacis and Hansen, 1974). We calculated and obtained quarterly trends in
average urban, peri-urban and rural surface temperatures and urban air temperatures as
shown in Appendix A. The surface temperature is usually higher than the air

temperature, especially on the ground that receives direct solar radiation, while the air
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absorbs the long-wave radiation emitted by the ground. The atmosphere exchanges
energy with the surface through processes such as convection, evaporation,
transpiration, and heat conduction. We first attempted to explore the overall period
fitting relationship between atmospheric temperature and LST. As shown in Fig. 12, the
coefficient of determination for Zhengzhou in urban, peri-urban, and rural areas is
0.8676, 0.8509, and 0.8537, respectively, while for Beijing, it is 0.9046, 0.8903, and
0.8833. It can be seen that both Zhengzhou and Beijing have better fitting effect and
linear relationship.

However, when we fit the data using quarterly mean values (Fig. 13), we found
that the coefficient of determination for both Zhengzhou and Beijing are lower than that
for the overall. In Zhengzhou, the four seasons of the coefficient of determination were
0.3345, 0.4565, 0.2724, 0.5677, in Beijing, 0.6828, 0.4357, 0.5088, 0.7588. This
suggests that the relationship in air temperature and urban land surface temperature
varies greatly across seasons and may not exhibit a significant linear relationship
between different cities, while the overall trend indicates a significant linear correlation
between the two variables. Hence, it is crucial to perform analyses of urban heat islands

across different seasons in cities.

28



DO OUIUIUITUUCICIOURNDNADNRNRNDNARNDNWWWWWWWWWWWNNNNNNNNNNRPPRRPRRPRRRER
OARANPRPOOOVNONROMNPRPOOOVNOUNROMNROOONNONRONRPOOONNOUNRWNROOONOURNWNROOONOUOANWNER

50
‘I_ 95% Confidence Band

404

30

204

urban temperature( °C)

=10 4

® urban temperature
Linear Fit

50 © peri-urban temperature
1 Linear Fit
N 95% Confidence Band

50 © rural temperature
] Linear Fit
N 95% Confidence Band

50 4

404

304

urban temperature( °C)

95% Prediction Band 40 95% Prediction Band 401 95% Prediction Band
%)
% 304 T 30
s ¥
z 3
g 204 £ 20
5 g
2 £
e 3
Zhengzhou £ "] Zhengzhou = '] Zhengzh
hengzhou & engzhou g engzhou
B % = A
2 07 ® ot sg L s S o
e y = 1.0641x+5.8029 ®es y =0.9796x+6.2182 ° % y =0.9436x+6.3019
° . R*=0.8676 104 o ° R?=0.8509 ~104 * R?=0.8537
-10 0 10 20 30 10 -10 0 10 2 30 10 -10 0 10 2 30 0
atmosphere temperature( °C) atmosphere temperature( °C) atmosphere temperature( °C)
© urban temperature 50- © peri-urban temperature 50 © rural temperature
Linear Fit Z Linear Fit 1 Linear Fit
I 95% Confidence Band I 95% Confidence Band - I 95% Confidence Band S
95% Prediction Band 40 95% Prediction Band Ls 95% Prediction Band
o ~
7 304 O 304
H 1
£ 2
2 204 g 204
£ 10 2 104
El B
Beijing £ Beijing 2 Beijing
2 04 0
By o y = 1.0648x+6.6882 L) y = 0.9889x+6.7125 *, © y = 0.9566x+6.6093
° R?=0.9046 -104 o R?=0.8903 10 . R*=0.8833
T T T T T T T T T T T
-10 0 10 20 30 -10 0 10 20 30 -10 10 20 30

atmosphere temperature( °C)

atmosphere temperature( °C)

atmosphere temperature( °C)

Fig. 12. Relation between urban temperature, peri-urban temperature, rural

temperature and atmosphere temperature from 2000.3 to 2005.2, 2008.3 to 2013.2 and

2018.3 to 2023.2. The value of each point is the average of all the pixels in the three

regions.
- Zhengzhou Summer 40 Beijing |
y = 0.4509x + 22.899 Summer o
T R*=045 () y = 0.9867x + 8.9626
2 = (4357
35 Spring 35 R? = 0.4357
y=0.7689
30 R?=0.3345 30 Spring
y=09912x + 11.019
R? = (.6828
25 25
Autumn
%) y=0.7523x + 1040 o Auumn
=20 R*=102724 =20 ¥=0.6805x + 1035 UK
= =) R? = (.5088
1> Overall 15
y=1.1319x + 4.8778 Overall
10 R?=0.9673 10 y=1.1319x + 4.8778
R? = 0.9673
T - Winter
5 y=12604x+ 3.6 5 Winter
T ORT=0.56 a 1.0944x + 5.5331
L R?=(.7588
0 0
0 5 10 20 25 30 -5 0 5 20 25 30

15
AT(°C)

10 15
AT(°C)

Fig. 13. LST and air temperature relation with a seasonally change in Zhengzhou and

Beijing.

29



OCoO~NOUAWNE

4 Discussion

4.1 Analysis of surface temperature changes and vegetation coverage trends in the

urbanization process of Zhengzhou and Beijing

Previous research has shown that areas with denser vegetation cover have a lower
heat island index compared to areas with less vegetation(Susca et al., 2011). Existing
studies have used vegetation indices to assess the heat island effect and have attempted
to propose methods to increase vegetation cover in order to mitigate the heat island
effect (Gallo et al., 1993). This study considers the dynamic relationship between urban
expansion, urban heat islands, and vegetation, calculating the impervious surface area
of cities, the intensity of urban heat islands, and the vegetation index. Firstly, the
expansion of urban areas shows that both Beijing and Zhengzhou have undergone
significant urbanization processes in the past 20 years. This rapid urban expansion not
only reflects the rapid economic development but also implies potential pressures on
the local ecology and environment. Influenced by factors such as geographic location,
urban layout, and green coverage, the distribution of the highest temperature month
over the years in Beijing is significantly different from that in Zhengzhou, despite their
similar climates. Notably, although both cities show a trend of rising temperatures, the
temperature increase in Zhengzhou is more significant, which may be related to its
mode of expansion during urbanization. If urban planners give insufficient
consideration to the impact of the underlying surface on the thermal environment, it
will largely lead to severe urban warming(Chen et al., 2006). The changes in the NDVI

index of the two cities also reflect this. Beijing's NDVI value has increased over time,
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indicating positive efforts towards greening and ecological restoration. In contrast, the
NDVI in the urban area of Zhengzhou first declined and then increased, possibly
reflecting the impact of early urbanization on green spaces and subsequent restoration

measurcs.

4.2 The pattern of urban heat island effect in Zhengzhou and Beijing

The impact of urban expansion on the urban thermal environment is
significant(Zheng et al., 2023). Years of expansion, including the reconstruction within
cities, will have a significant impact on the evolution of urban heat islands. Many
studies have already used spatiotemporal fusion methods to study the evolution of urban
heat islands (Holec et al., 2020; Meng et al., 2018), but there is still a lack of
generalization on the patterns of urban heat islands. Our research established the
relationship between DT and TB on a monthly average, conducting a generalized study
on two cities, Beijing and Zhengzhou. The two cities exhibited different patterns, with
Zhengzhou's being more complex. Zhengzhou's curve transformed from spiral to oblate,
while Beijing's remained oblate. We speculate this may be related to the intensity of
urban expansion in Zhengzhou. Furthermore, through the DN-DT curve, we found that
the UHII distribution and trend of change in both cities were complex and showed
seasonal differences. Zhengzhou's DN-DT curve showed a bimodal shape, while
Beijing's was unimodal. We guess this might be related to the different crop structures
in the two places. Different phenology of crops leads to different NDVIs in each season
(Huemmrich et al., 1999). The unity of the DN and DT curves in both cities reflects the

close relationship between NDVI and heat islands. The differences in the city models
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are manifested in the annual distribution and seasonal differences of UHIIL. Generally,
the UHII is highest in summer for both cities, which is directly related to the solar
radiation in summer. Therefore, strengthening the management of heat islands in
summer requires great attention to the management of vegetation inside and outside the

city.

4.3 Exploring Environmental Sustainability

We usually believe that the increase in impervious surfaces during urban expansion
squeezes out vegetation cover, leading to a decline in NDVI both internally and
externally. However, our profile study shows that urban expansion does not necessarily
lead to a decline in NDVI within and around cities. During these three periods, the
NDVI of Beijing's urban area showed an upward trend, while the suburbs did not show
a specific trend. In contrast, Zhengzhou had its lowest NDVI during the 2010 period
and its highest in the 2020 period. Zhengzhou's performance may be related to the
change in its economic development policy, as in the 2020 period, Zhengzhou increased
its efforts to build an environmentally friendly city and publicized the Ecological
Protection and Construction Plan of Zhengzhou Metropolitan Area (2020-2035). These
two cases demonstrate that even against the backdrop of rapid urban expansion, the
NDVI in city centers can be improved through deliberate greening measures, reflecting
the positive role of integrating green spaces into urban planning in mitigating the Urban
Heat Island Intensity (UHII).

From the perspective of seasonal and time series analysis, the relationship between

UHII and NDVI reveals the dynamism and complexity of urban ecosystems. This
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dynamism is influenced not only by urban planning and economic policies but also by
natural factors such as topography and climatic conditions. Therefore, we emphasize
the need for a more comprehensive perspective in urban planning and development
strategies, taking into account the impact of these factors on urban ecosystems to

promote the long-term sustainable development of cities.

4.4 Research contributions and limitations

The study reveals two major contributions. First, it shows that the response of
Urban Heat Island (UHI) change to urbanization varies in the three phases. Second,
traditional studies(Hu et al., 2020; Jamei et al., 2019) have analyzed the spatial
distribution of UHI and NDVI based on spatial autocorrelation or statistical model of
machine learning, and fewer studies have used profile methods in joint analyses of UHII
and NDVI. We innovatively introduced clustering of the profile results, and the results
suggest that crop cultivation has a significant impact on the intra-annual structure of
the UHI. To some extent, this study extends current knowledge by considering the less
explored application of peri-urban areas within urban heat islands. The study used
Fourier curves and statistical methods to show how UHI patterns vary between two
cities with different levels of development. Further insights are provided in the
following detailed discussion. During the urbanization process, there is often an area
with a certain proportion of impervious surface at the urban interface that experiences
temperatures between urban and rural areas, and certain studies(Mehmood et al., 2022;
Sismanidis et al., 2022) that include such areas as a rural component in the UHII

formula may lead to low results for urban heat island effects. This study utilizes the
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CCA&BGA algorithm to extract three distinct areas: the urban agglomeration, peri-
urban, and rural areas. This model provides a new approach to studying the heat island
phenomenon, particularly the response of urban sprawl to heat islands. Secondly,
compared with the traditional statistical methods(Lu et al., 2020) and machine learning
methods(Ming et al., 2023) to study the details of the heat island, the Fourier fitting
curve we use can visualize the pattern of the heat island. Our research discovered that
the Fourier-fitted curves for Zhengzhou spiral in 2000 and 2010 periods, then become
oblate in 2020 period. Meanwhile, for Beijing, the Fourier-fitted curves remain oblate
throughout all periods. Consequently, our hypothesis is that as cities continue to expand,
the heat island patterns in developing cities will adopt the characteristics of those in
developed cities. Furthermore, geophysical and climatic phenomena lose specificity
when studied based on a singular spatial-temporal point. Therefore, this study
incorporates both variables and employs a five-year observation period to more
accurately capture multi-year trends and reduce errors. The limitations of the study must
be acknowledged, however. The MODIS LST product in use is of low resolution and
does not have the ability to capture the internal composition of the three urban areas.
Yet this is a long time series study of two general urban heat island patterns, and finer
imagery has less influence on these. In addition, a quantitative explanation of the
various factors responsible for the marked contrasts between the two patterns is lacking,
despite a comprehensive examination of urban heat island patterns at two stages of
development using statistical methods and Fourier-fitted curves. Emerging

interpretable neural networks may become a method for exploring causes.

34



OCoO~NOUAWNE

5 Conclusion

In order to determine the changes in long-term UHI response due to rapid
urbanization in China, this study uses MODIS data from 2000 to 2023 and employs
City Clustering Algorithm and the Boundary Generation Algorithm to partition two
representative cities, Beijing and Zhengzhou, according to urban, peri-urban, and rural
criteria. In this study we analyze the effect on the UHI of the two cities as the urban
area increases. We find that in Beijing, the heat distribution becomes more and more
heterogeneous over time, while in Zhengzhou, the uniformity of the heat distribution
experiences fluctuations. Further on a seasonal scale, the UHI in Beijing is relatively
uniformly distributed across seasons, while Zhengzhou exhibits large variations across
seasons. This suggests that the UHI patterns between the two cities may be quite
different. Our further experiments corroborate this view. By Fourier fitting the curves,
we found that the urban heat island effect in Beijing increased during the period of
urban expansion. However, this pattern is not observed in Zhengzhou, where the heat
island intensity shows a three-stage trend of decreasing and then increasing. In
particular, the shape of the curve in Zhengzhou is constantly approaching that of Beijing
over time, which suggests to some extent that Zhengzhou's urban pattern is converging
to that of Beijing. However, the DN-DT curves we subsequently calculated indicate that
the UHI response to the ecological pattern is different for the two cities. This suggests
that ecological elements are not the direct cause of Zhengzhou's gradual convergence
to Beijing. However, the city can still mitigate some of the adverse effects of the urban

heat island by increasing vegetation and ecological planning. Subsequently, we further
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explored the structural dissimilarity of the two cities in terms of UHI within the city.
Through the cluster analysis of the NDVI profiles, we found that the differences of
NDVI between Beijing and Zhengzhou are mainly reflected in the seasonal variation,
orientation variation, temporal variation, vertical variation and horizontal variation, and
their patterns of change are almost opposite to those of UHII.

This investigation accentuates the distinct growth models of the two cities,
incorporating peri-urban areas into the scope of urban heat island research which fills a
gap in this area of study. Comparing urban spatial changes across three stages, this study
reveals the differences in urban heat island patterns of cities in China with two speeds
of development over the past twenty years. This study provides support for urban

thermal environment planning.
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