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Abstract: During the progress of urbanization in China, a large number of natural landscapes have
been replaced by impervious surfaces. The strong interference from human activities has led to the
intensification of urban heat island (UHI) effects and has had a negative influence on the health of
residents. Zhengzhou, as a new representative city of rapid urbanization, can be used as a case study
for UHI. This study built an inversion model of the land surface temperature (LST) of Zhengzhou
in 1996, 2000, 2006, 2010 and 2014. On this foundation, the four indicators of land use/land cover
(LULC), density of the population, urban construction, and industrial development were chosen to
establish a quantitative analysis model between them and the LST. The conclusions were as follows:
(1) From 1996–2014, the average LST in Zhengzhou increased by 2.939 ◦C, and the standard deviation
decreased from 4.08 to 2.64. (2) Since 2006, the development zone far from the center of city has
become a new urban high temperature zone. The distribution characteristics of the UHI have changed
from “centralization in downtown” to “downtown and suburban distribution”. (3) Construction
land and vegetation had the most significant impacts on the UHI effect. The construction land
was positively correlated with LST, and the vegetation showed the opposite effect. The population
density, urban construction and industrial development have strong driving effects on the UHI effect,
of which the driving force of industrial development is the most intense.

Keywords: urban heat island (UHI); spatio-temporal evolution; land use/land cover (LULC);
population density; city construction; industrial development; Zhengzhou City

1. Introduction

In 1818, Howard first recorded the heat island phenomenon in his book, the London Climate [1].
The phenomenon that urban temperatures are higher than those in the suburbs is called the urban
heat island effect [2]. Since then, with the wave of urbanization and industrialization that has swept
the world, the scope and intensity of the urban thermal environment has increased, which has
a strong influence on regional climate change, energy consumption, and the health of residents.
The central temperature of a large city is often higher than that in the suburbs [3]. The increase in urban
temperature leads to decreased air pressure and changes in atmospheric patterns, such as pollutant
reflux, which strongly affects the regional climate [3,4]. The urban heat island (UHI) effect increases
the use of air conditioning in the city in summer and forms a vicious cycle of increasing temperature
and energy consumption [4,5]. Due to the increase in temperatures, urban residents are suffering from
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high-temperature diseases and epidemics [6,7]. Research on the influential mechanisms of the UHI
effect helps us to understand the impact of human activities on the urban climate [8]. This research
tries to help to clarify the UHI effect caused by human activities and to promote the sustainable
development of the urban ecological environment.

In recent years, with the progress in space information technology, inversion algorithms based on
GIS (Geographic Information System) and RS (remote sensing) technology have been used to research
the thermal environment. Rao (1972) [9] first applied remote sensing images to land surface temperature
(LST) retrieval. Since then, NOAA (National Oceanic and Atmospheric Administrat)/AVHRR
(Advanced Very High Resolution Radiometer) [10,11], MODIS (Moderate-resolution Imaging
Spectroradiometer) [12,13], Aster [14–17], HJ-1 (HJ-1 Satellite) [18,19], Landsat series [20–22] and
other satellite images with various temporal and spatial scales have been widely applied to the study
of LST retrieval. Compared with other images, the Landsat series has many advantages, such as high
spatial resolution, rich spectral information, archived data and free access. It has been applied to
remote sensing analyses of the thermal environment by many scholars [20–22]. The traditional field
site observation method cannot quickly and accurately monitor temperature changes of large areas and
long time series. GIS and RS technology can solve this problem and ensure the acquisition, processing
and application of source information. These technologies provide the basis for the refined expression
of the UHI effect’s temporal and spatial changes and gradually have become the main technical means
to study the UHI effect [23–25].

At present, many scholars have explored the driving mechanism of the UHI effect from the
perspectives of land cover [10,26,27], landscape [28,29] and social economy [30–34] by using the 3S
technology (remote sensing, Global Position Systems, Geographic Information Systems), combined
with correlation analyses, fractal mathematics and gray system theory. The main types of surface
cover that affect the LST are vegetation [10,30,35–41], construction [42–45] and surface water [46–49].
Human activities are also one of the driving forces of the UHI [50,51]. Yue et al. (2008) [52] used the
PCA (Principal Component Analysis) method to find that urban construction, population density,
industrial layout, surface cover types and urban landscape diversity are the main factors that influence
the spatial distribution of the UHI effect. He et al. (2007) [53] found that the contribution rate of human
heat emissions to the UHI in Nanjing in 2002 was 29.6%. Zhang et al. (2015) [54] and Wu et al. (2015) [55]
found that the large-scale migration of the urban population during the Spring Festival reduced human
activities, thereby reducing the release of artificial heat and weakening the UHI.

The rapid urbanization area in China can serve as a case study for the UHI effect. The development
of Zhengzhou in recent years is clear. With the implementation of a series of good policies, for example,
selected national central cities, the construction of the air harbor, the planning of high-speed rail and
the approval of the free trade area, Zhengzhou has become an important central city in the central
part of China. During 1996–2014, the proportion of construct land and built-up area increased by
28.53% and 41.54%, respectively, in Zhengzhou [56]. The process of urbanization has greatly changed
the urban surface coverage and spatial function structure. This has caused a change in the surface
albedo and the release of a large amount of human heat, both of which have large driving effects on
the UHI effect [45,57,58]. Therefore, Zhengzhou can be used to study the driving mechanisms of the
UHI effect in a rapidly urbanizing area. In the study of the influence factors of the UHI, the impact of
surface cover on the UHI has been fully quantitatively analyzed. However, quantitative research on the
social economy driving forces of the heat island effect is lacking, and analyses of the mechanisms and
case verification are both deficient [59]. Combining high-precision data, such as the economic census,
population census, energy consumption survey, etc., this article analyses the influences of human
activities on the heat island effect. This study uses Zhengzhou as the research area and uses Landsat
images, thermal infrared band data, and an image-based method to build a temperature model of the
inversion of surface temperatures of Zhengzhou in 1996, 2000, 2006, 2010, and 2014. With the help of
the surface temperature profile, the characteristics of the island uplift and the spatio-temporal evolution
of the Zhengzhou heat field are visualized. The four indicators include land cover, the density of the
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population, urban construction, and industrial development. These are used to establish a quantitative
analysis model between the indexes and LST, to analyze the influence of the four indicators on the
UHI effect. This study helps to better understand the processes and causes involved in the formation
of the UHI effect in Zhengzhou.

2. Materials and Methods

2.1. Study Area: Zhengzhou, China

Zhengzhou is the capital of Henan Province. Itis located between 34◦36′–34◦58′ N latitudes and
113◦28′–113◦52′ E longitudes; the urban area is 1010.3 km2, and its built-up area is 443 km2 [60]. By the
end of 2015, Zhengzhou city included 6 districts, 5 county-level cities and 1 county. This research
studied 5 districts—Jinshui, Zhongyuan, Huiji, Erqi and Guancheng (Figure 1). Zhengzhou is in
the transition zone between the Funiu mountains and the Huanghuai plains. The southwest area
has the highest terrain, decreasing to the northeast, and showing a ladder-like decline. Zhengzhou
is located inland. It has a continental climate in the north temperate zone. This climate has the
following characteristics: four distinctive seasons, rain and heat over the same period, dry and cold
over the same season, cold and warm air masses alternate frequently, it is dry and less rainy in spring,
hot and rainy in summer, sunny in autumn, and cold with less snow in winter. The climate is dry,
and 80% of the rainfall is concentrated in the summer. The annual mean temperature is 15.6 ◦C,
the average rainfall is 542.15 mm, the frost-free period is 209 days, and the annual sunshine time
is approximately 1869.7 h [56]. Ample sunshine and abundant rainfall during the growing season
provide good agro-meteorological conditions. As an important national comprehensive transportation
hub and a new industrial city, the rapid urbanization of Zhengzhou has led to great changes in the
surface cover, especially related to urban environmental problems represented by the heat island effect.
According to meteorological data, the average annual temperature in Zhengzhou rose 2.2 ◦C from
1996–2014 [56].
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2.2. Data

In this research, all of the images used were from the Landsat program of NASA (National
Aeronautics and Space Administration). Landsat series data were used for the retrieval of LST,
the extraction of land use types and the calculation of the land cover index. All images were
downloaded from the website of the USGS (United States Geological Survey) [61]. In order to maintain
consistency in the timing of the 5 images and to reduce the influence of meteorological factors such as
cloud and precipitation on the inversion results, the imaging time was selected in early summer with a
cloud amount of less than 5%, and there was no precipitation on the day before the image was taken.
This includes TM (Thematic Mapper) images from 20 May 1996, ETM+ (Enhanced Thematic Mapper)
images from 7 May 2000, TM images from 16 May 2006, TM images from 11 May 2010, and OLI
(Operational Land Imager) images from 27 May 2014. The TM images used in this study were obtained
by the TM sensor mounted on Landsat 5; the ETM+ image was obtained by the ETM+ sensor carried by
Landsat 6; and the OLI image was obtained by the OLI sensor mounted on Landsat 8. The study area
is located in path 124 and row 36. Data collected from the socio-economic census included 3 indicators:
the year-end population, the construction area and completed area of construction, and the gross
industrial output value of the 5 districts of Zhengzhou from 1996–2014. These data were obtained
from the Zhengzhou statistical yearbook (2001, 2007, 2011, 2015) [56,62–64], a report on government
work of Zhengzhou, and a statistical report on the national economy and social development of
Zhengzhou [60].

2.3. Normalized Difference Vegetation Index (NDVI) and Normalized Difference Building Index (NDBI)

The NDVI is the Normalized Difference Vegetation Index [65]. It has been widely used in the
research of the UHI effect to detect the vegetation growth status and vegetation coverage. The range of
NDVI is [–1, 1], and the negative value indicates that the land cover is cloud, water, snow and so on.
It reflects the high reflection of visible light, and the 0 value indicates that the land cover is rock or bare
soil, and the positive value indicates that the surface is covered by vegetation and increases with an
increase in coverage. The formula for NDVI is as follows (Equation (1)):

NDVI =
ρNIR − ρRED
ρNIR + ρRED

. (1)

ρNIR represents the reflectance of the near infrared band, where ρNIR = Band 4 (for Landsat TM
and ETM+) and Band 5 (for Landsat OLI); ρRED represents the reflectance of the red band, where
ρRED = Band 3 (for Landsat TM and ETM+) and Band 4 (for Landsat OLI) [66–69].

The NDBI is the Normalized Difference Building Index [70]. It is used to reflect the density of
buildings in unit pixels. The range of NDBI is [−1, 1], and a negative value indicates that the land
cover is water. A value of 0 means that the land cover is vegetation, and a positive value indicates the
land cover is built-up area. The formula for NDBI is as follows (Equation (2)):

NDBI =
(ρSWIR − ρNIR)

(ρSWIR + ρNIR)
. (2)

ρSWIR represents the reflectance of the middle-infrared band, where ρSWIR = Band 5 (for Landsat
TM and ETM+) and Band 6 (for Landsat OLI); ρNIR represents the reflectance of the near-infrared band,
where ρNIR = Band 4 (for Landsat TM and ETM+) and Band 5 (for Landsat OLI) [28,71,72].

2.4. LST Retrieval

2.4.1. Thermal Radiation Intensity

The thermal radiation (Lλ) received by a satellite sensor includes the radiative energy produced
by the surface body itself and generated by the surrounding environment [73]. The thermal radiation



Sustainability 2018, 10, 1992 5 of 23

of Landsat TM/ETM+/OLI is recorded by the DN (digital number) value. DN is the gray value of
pixels; it is an integer, with no units and a range from 0~255 [74]—the greater the DN value of the
pixel, the greater the corresponding thermal radiation value [74]. emphLλ is expressed as follows
(Equation (3)):

Lλ = Gain× DN + O f f set. (3)

The gain expresses the gain coefficient; its units are W/(m2·sr·µm)/DN and its values are as
follows: gain = 0.055375 (for Landsat TM) and gain = 0.067087 (for Landsat ETM+) and gain = 0.0003342
(for Landsat OLI). The offset is the offset coefficient; its units are W/(m2·sr·µm) and its values are as
follows: offset = 1.18243 (for Landsat TM) and offset = −0.06709 (for Landsat ETM+) and offset = 0.1
(for Landsat OLI).

2.4.2. Radiation Brightness Temperature

The radiation brightness temperature (Td) is expressed as follows (Equation (4)):

Td =
K2

ln
(

1 + K1
Lλ

) . (4)

K1 and K2 are the revision coefficients (Table 1). The units of K1 are W/(m2·sr·µm) [60,69].

Table 1. The values of K1 and K2 (revision coefficients) for different sensors.

Sensors TM ETM+ OLI

K1 (W/m2·sr·µm) 607.76 666.09 774.89
K2 (K) 1260.56 1282.71 1321.08

2.4.3. Surface Emissivity

The surface emissivity (ε) is the most important parameter used in the remote sensing of the
inversion of temperature. This study used the method proposed by Qin et al. [20] in which the
NDVI is used to calculate the surface emissivity. For the detailed formula of the calculation, refer to
Qin et al. [20].

2.4.4. LST

Most of the objects in nature are not black bodies. It is necessary to use the surface emissivity
to correct the radiation brightness temperature, so that it can be converted into the real surface
temperature (Ts). The Ts is expressed as follows (Equation (5)):

Ts =
Td

1 +
(

λTd
ρ

)
ln ε
− 273. (5)

In the above formula, λ is the wavelength of the emitted radiance: λ = 11.5 µm (for Landsat
TM/ETM+) and λ = 10.8 µm (for Landsat OLI) [28]; $ = 1.438 × 10−2 mk [75–77].

2.5. Classification of Land Use Types

This study used the land-use monitoring classification system using remote sensing by CAS
(Chinese Academy of Sciences), as proposed by Liu et al. [78]. The classification system divides the
land use types into 6 first level types—farmland, forest, grassland, water, construction land, and bare
land—and 25 s level types. Through the land classification standard, the support vector machine
(SVM) in the supervised classification is used to set up the interpretation mark, and the land use in the
study area is divided into six types. The classification results that result from using these six land use
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types are very accurate, with the average accuracy being 85%. The land use maps of Zhengzhou for 5
periods (1996, 2000, 2006, 2010 and 2014) were obtained (Figure 2).

2.6. Analysis of the Profile of LST

The LST profile can directly reflect the temperature change from the urban center to the suburbs.
Taking the intersection of the east–west direction and the north–south direction, with Zhengzhou as the
center, we made 8 profiles in 16 directions: S–N, SSW–NE, SW–NNE, WSW–ENE, W–E, WNW–ESE,
NW–SE, and NNW–SSE (Figure 3). Sampling at an interval of 1000 m for each the profile yielded a
total of 294 sampling points for the 8 profiles in the 16 directions.

Sustainability 2018, 10, x FOR PEER REVIEW  6 of 22 

these six land use types are very accurate, with the average accuracy being 85%. The land use maps 
of Zhengzhou for 5 periods (1996, 2000, 2006, 2010 and 2014) were obtained (Figure 2). 

2.6. Analysis of the Profile of LST 

The LST profile can directly reflect the temperature change from the urban center to the 
suburbs. Taking the intersection of the east–west direction and the north–south direction, with 
Zhengzhou as the center, we made 8 profiles in 16 directions: S–N, SSW–NE, SW–NNE, WSW–ENE, 
W–E, WNW–ESE, NW–SE, and NNW–SSE (Figure 3). Sampling at an interval of 1000 m for each the 
profile yielded a total of 294 sampling points for the 8 profiles in the 16 directions. 

  

  

Figure 2. Cont.



Sustainability 2018, 10, 1992 7 of 23
Sustainability 2018, 10, x FOR PEER REVIEW  7 of 22 

 
Figure 2. The land use maps in (a) 1996, (b) 2000, (c) 2006, (d) 2010 and (e) 2014 in Zhengzhou, China. 

 
Figure 3. Sampling directions used in the study area. 

2.7. Precision Verification 

All the results of the remote sensing retrieval need to be verified by precision, and the retrieval 
of LST is no exception. Precision verification is generally used to verify the temperature products 
using imagery with high spatial resolution, and the measured air temperature data that is 
consistent with the satellite transit time can also be used. The Landsat TM/ETM+/OIL image used in 

Figure 2. The land use maps in (a) 1996, (b) 2000, (c) 2006, (d) 2010 and (e) 2014 in Zhengzhou, China.

Sustainability 2018, 10, x FOR PEER REVIEW  7 of 22 

 
Figure 2. The land use maps in (a) 1996, (b) 2000, (c) 2006, (d) 2010 and (e) 2014 in Zhengzhou, China. 

 
Figure 3. Sampling directions used in the study area. 

2.7. Precision Verification 

All the results of the remote sensing retrieval need to be verified by precision, and the retrieval 
of LST is no exception. Precision verification is generally used to verify the temperature products 
using imagery with high spatial resolution, and the measured air temperature data that is 
consistent with the satellite transit time can also be used. The Landsat TM/ETM+/OIL image used in 

Figure 3. Sampling directions used in the study area.

2.7. Precision Verification

All the results of the remote sensing retrieval need to be verified by precision, and the retrieval of
LST is no exception. Precision verification is generally used to verify the temperature products using
imagery with high spatial resolution, and the measured air temperature data that is consistent with the
satellite transit time can also be used. The Landsat TM/ETM+/OIL image used in this study had high
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spatial resolution, and it is difficult to obtain high precision temperature data. Therefore, the measured
air temperature data were used for validation [79].

The precision was verified by comparing the mean values of the measured air temperature of
the study area with the LST values obtained from the retrieval, to prove the effectiveness of the
retrieval results. The retrieval results of Zhengzhou for 27 May 2014, showed that the average LST
value was 32.7 ◦C. According to historical meteorological data [80], the average LST in Zhengzhou on
27 May 2014 was 30 ◦C and the average temperature reported in meteorological observations for the
week from 24–30 May 2014 was 28 ◦C. The differences between the two measured air temperatures
and the retrieval results are 2.7 ◦C and 4.7 ◦C, respectively. It can be considered that the retrieval of
LST is effective [79].

The results of the five-phase retrieval in this study were verified by the above method.
The inversion results were slightly higher than the measured air temperature and showed a good
linear relationship with it, and the fitting degree of them was over 0.7. The temperature differences
between the inversion results and observation days/observation weeks was less than 3 ◦C/5 ◦C.
The temperature during the observation week was greatly disturbed by meteorological factors such as
rainfall; thus, it can be considered that the range of 5 ◦C was effective [79].

3. Results

3.1. Temporal and Spatial Variation Characteristics of LST

The results of the five-phase retrieval are shown in Figure 4. The thermal environment in
Zhengzhou showed a tendency to change from an uneven distribution of high and low temperatures
to a uniform distribution of high temperatures.

The maximum, minimum, average and standard deviation values of the five-phase retrieval results
are shown in Table 2. In 1996, 2000, 2006, 2010, and 2014, the maximum LST value in Zhengzhou was
above 40 ◦C, and the average values were 29.2, 29.7, 29.0, 32.0 and 32.7, The average value increased
year by year, which is opposite to the decreasing trends in the temperature difference and the standard
deviation. The average value increased year by year, which is opposite to the decreasing trends in the
temperature difference and the standard deviation. This indicates that the temperature of the urban
area in Zhengzhou increased continuously from 1996–2014 and gradually changed to a relatively stable
high-temperature state and that the degree of the heat island effect is becoming increasingly serious.

Sustainability 2018, 10, x FOR PEER REVIEW  8 of 22 

this study had high spatial resolution, and it is difficult to obtain high precision temperature data. 
Therefore, the measured air temperature data were used for validation [79]. 

The precision was verified by comparing the mean values of the measured air temperature of 
the study area with the LST values obtained from the retrieval, to prove the effectiveness of the 
retrieval results. The retrieval results of Zhengzhou for 27 May 2014, showed that the average LST 
value was 32.7 °C. According to historical meteorological data [80], the average LST in Zhengzhou 
on 27 May 2014 was 30 °C and the average temperature reported in meteorological observations for 
the week from 24–30 May 2014 was 28 °C. The differences between the two measured air 
temperatures and the retrieval results are 2.7 °C and 4.7 °C, respectively. It can be considered that 
the retrieval of LST is effective [79]. 

The results of the five-phase retrieval in this study were verified by the above method. The 
inversion results were slightly higher than the measured air temperature and showed a good linear 
relationship with it, and the fitting degree of them was over 0.7. The temperature differences 
between the inversion results and observation days/observation weeks was less than 3 °C/5 °C. The 
temperature during the observation week was greatly disturbed by meteorological factors such as 
rainfall; thus, it can be considered that the range of 5 °C was effective [79]. 

3. Results 

3.1. Temporal and Spatial Variation Characteristics of LST 

The results of the five-phase retrieval are shown in Figure 4. The thermal environment in 
Zhengzhou showed a tendency to change from an uneven distribution of high and low temperatures 
to a uniform distribution of high temperatures. 

The maximum, minimum, average and standard deviation values of the five-phase retrieval 
results are shown in Table 2. In 1996, 2000, 2006, 2010, and 2014, the maximum LST value in 
Zhengzhou was above 40 °C, and the average values were 29.2, 29.7, 29.0, 32.0 and 32.7, The 
average value increased year by year, which is opposite to the decreasing trends in the temperature 
difference and the standard deviation. The average value increased year by year, which is opposite 
to the decreasing trends in the temperature difference and the standard deviation. This indicates 
that the temperature of the urban area in Zhengzhou increased continuously from 1996–2014 and 
gradually changed to a relatively stable high-temperature state and that the degree of the heat 
island effect is becoming increasingly serious. 

  

Figure 4. Cont.



Sustainability 2018, 10, 1992 9 of 23
Sustainability 2018, 10, x FOR PEER REVIEW  9 of 22 

  

 
Figure 4. The land surface temperature (LST) maps of Zhengzhou, China in (a) 1996, (b) 2000, (c) 
2006, (d) 2010, and (e) 2014. 

Table 2. The LST in Zhengzhou, China. 

Year Maximum (°C) Minimum (°C) Amplitude (°C) Average (°C) Standard Deviation 
1996 40.8  13.2  27.6  29.2  4.1  
2000 49.6  7.2  42.4  29.7  4.4  
2006 45.0  12.0  32.9  29.0  3.4  
2010 45.1  13.9  31.3  32.0  3.2  
2014 45.3  18.8  26.4  32.7  2.6  

The LST profile can be further visualized by displaying the cross-section characteristics of the 
LST in Zhengzhou. Figure 5 shows the uplift in the downtown temperature and the subsidence of 
the suburban temperature, especially in the four directions of WSW–ENE, W–E, NW–SE, and 
NNW–SSE. The temperatures at the sampling points in the downtown area were generally 4–6 °C 
higher than those in the suburbs. 

Figure 4. The land surface temperature (LST) maps of Zhengzhou, China in (a) 1996, (b) 2000, (c) 2006,
(d) 2010, and (e) 2014.

Table 2. The LST in Zhengzhou, China.

Year Maximum (◦C) Minimum (◦C) Amplitude (◦C) Average (◦C) Standard Deviation

1996 40.8 13.2 27.6 29.2 4.1
2000 49.6 7.2 42.4 29.7 4.4
2006 45.0 12.0 32.9 29.0 3.4
2010 45.1 13.9 31.3 32.0 3.2
2014 45.3 18.8 26.4 32.7 2.6

The LST profile can be further visualized by displaying the cross-section characteristics of the
LST in Zhengzhou. Figure 5 shows the uplift in the downtown temperature and the subsidence of the
suburban temperature, especially in the four directions of WSW–ENE, W–E, NW–SE, and NNW–SSE.
The temperatures at the sampling points in the downtown area were generally 4–6 ◦C higher than
those in the suburbs.
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Figure 5 also shows that the UHI in Zhengzhou was mainly distributed in the downtown area
before 2006. After 2006, with the acceleration of urbanization and industrialization, the built-up area
has been expanding to the surrounding area. The new urban heat island has begun to appear in
the suburbs (a new development zone) under the catalysis of urban development. The distribution
characteristics of the UHI have changed from “centralization in downtown” to “downtown and
suburban distribution”.

At the same time, there has been a grooved depression in the heat island uplift of the downtown
area (Figure 5), which indicates that the difference in surface coverage will cause a change in land
surface temperatures. For example, in the urban area, the park greenbelt with high vegetation coverage
or water bodies will still exhibit relatively low temperatures even though it is affected by the thermal
radiation of the surrounding impervious layer.
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3.2. The Relationship between Land Use and LST

The statistics of LST for the six land use types in 1996, 2000, 2006, 2010, and 2014 in Zhengzhou
are shown in Figure 6. The average LST values of six land use types from high to low are bare
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land ≈ construction land > farmland ≈ grassland ≈ forest > water. The average LSTs of construction
land and bare land were the highest, and the average LSTs for vegetation and water were lower.
The LST of the vegetation coverage area was also different. The LST of forest land was slightly lower
than that of grassland and farmland. Because the area of bare land is small, the main land use types
that influence the UHI effect in this area are construction land and vegetation. Even for the same type
of land use, the average LST showed an increasing trend from 1996–2014. This phenomenon indicates
that factors such as human activities and meteorological conditions will also affect the LST.
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3.2.1. The Relationship between NDVI and LST

The NDVIs of Zhengzhou City in 1996, 2000, 2006, 2010 and 2014 are shown in Figure 7.
Blue indicates areas covered with dense vegetation, and yellow indicates low vegetation coverage.
As shown in Figure 7, the blue color region continued to decrease from 1996–2014, and the yellow-green
region continued to increase. With the development of urbanization, the built-up area is expanding to
the suburbs. Much land with high vegetation coverage, such as farmland, forest and grassland, has
been transformed into an impervious layer.
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As shown in Figure 8, the corresponding NDVI variation is basically negative in the region
with positive LST variation. When the variation of LST is between 0 and 0.1, the variation of LST is
stable between 0 and 0.2. In particular, it is worth noting that when LST variation is greater than 0.1,
the decrease in NDVI begins to rise in series—the more the NDVI decreases, the more the LST increases.

The relationship between the variation in NDVI and the variation in LST in 1996–2000, 2000–2006,
2006–2010, and 2010–2014 is shown in Figure 8. Although consistency was maintained as much
as possible, there was still a difference in the timing of imaging and in the correlation between the
variation in NDVI and the variation in LSI.
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3.2.2. The Relationship between NDBI and LST

The NDBIs of Zhengzhou City in 1996, 2000, 2006, 2010 and 2014 are shown in Figure 9.
Red indicates areas of high building density and blue indicates areas of low building density. As shown
in Figure 9, the impervious layer symbolized by red expanded rapidly from 1996–2014.
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The relationship between the variation in NDBI and the variation in LST in 1996–2000, 2000–2006,
2006–2010, and 2010–2014 is shown in Figure 10.

There was a significant positive linear correlation between the NDBI and the LST at the
0.01 significant level. The correlation coefficients of the NDBI variation and the LST variation in
the four periods were 0.597, 0.754, 0.657 and 0.670, respectively. An F-test was used to analyze the
regression equation. The p-values of the four regression equations were all less than 0.01, indicating
that the linear positive correlations between the four regression equations were significant.

Referring to the relationship between NDVI and LST, it was found that the correlation between
LST and NDBI was more closely related to the four periods. Construction land has an obvious effect
on the UHI effect. It is a strong driving force of the UHI effect.
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3.3. The Relationship between Socio-Economic Factors and LST

The correlation analysis results for the year-end population, using the construction and completion
area of construction and the gross industrial output value of the five districts of Zhengzhou in 1996,
2000, 2006, 2010 and 2014 as independent variables, and the LST values as dependent variables,
are shown in Table 3.

The regression results (Table 3) showed that there was a positive linear correlation between the
LST and the population density, the construction and completion area of construction and the gross
industrial output value at the 0.01 significant level. The correlation coefficients were 0.762, 0.723 and
0.774, and the coefficients of determination were 0.580, 0.523 and 0.600. The model has thus reached a
better level of interpretation. The population density, urban construction and industrial development
are all important factors contributing to the UHI effect.

Table 3. Correlation analysis between the LST and three socio-economic driving factors in
Zhengzhou, China.

Driving Factor Regression Equation Correlation Coefficient R2 p

Population density y = 0.668x + 0.188 0.762 0.580 0.01
Urban construction y = 0.698x + 0.083 0.723 0.523 0.01

Industrial development y = 0.818x + 0.077 0.774 0.600 0.01
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4. Discussion

4.1. Land Use/Land Cover (LULC) Has a Strong Driving Effect on LST

The rapid expansion of the city has led to dramatic changes in the underlying surface and spatial
functional structure [81]. Changes in the surface albedo greatly impact the UHI effect.

According to Figure 4, in 1996, the high LST area is concentrated in the central urban area, the Erqi
district, most of the Guancheng district, the Yellow River side beach in the Huiji district. Due to the
long wave radiation emitted by dense buildings, the temperature in the central city is higher than that
in the suburbs. The land use map (Figure 2) shows that the main land use type in the southwest of
the Erqi district and the southeast of Guancheng district is farmland. The imaging period used in this
study was in May. May is the heading and flowering period of winter wheat in Henan Province, so,
in fact, the vegetation coverage of farmland is low, the surface moisture of the soil evaporates due
to solar radiation, and the soil water content is low. According to the hypsometric map (Figure 1),
the southwest of the Erqi district has the highest altitude in the study area, with an average elevation
of about 200 m, which is not conducive to soil water conservation; the soil moisture is more easily
evaporated and leads to an increase in LST. The main soil type of the Yellow River beach in the Hui
area is sandy soil. This soil is rapidly warming up due to solar radiation.

In 2000, the spatial distribution of the high LST area was almost the same as that in 1996. The high
temperature area in the center urban area expanded to the surroundings alongside the growth of the
built-up area. The high temperature zone in the Zhongyuan district has gradually expanded along
with the construction of the development zone. From 2006, the LST in the Erqi district reduced, mainly
because, after 2000, with the implementation of the policy of returning farmland to forest in the hilly
region, the land cover was gradually transferred from farmland to grassland and forest. The vegetation
coverage of grasslands and forests is higher and less affected by the season. The transpiration of
vegetation is stronger than that of farmland, and it has a stronger soil water locking ability, which causes
significant relief for the high LST.

In 2010, the high temperature region continued to spread. In 2014, with the construction of new
urban areas, such as the Zhengdong New District, the Hi-tech Zone in the Zhongyuan district, and the
Economic-Technological Development Zone in the Guancheng district, the original high vegetation
coverage of the LULC was rapidly replaced by an impermeable layer. The change in surface albedo has
caused the new urban area to rapidly become a new high LST area in Zhengzhou in the past ten years.

The negative correlation between NDVI and LST shows that vegetation has the effect of alleviating
the heat island effect. Plants can evaporate water into the atmosphere through transpiration at the
leaf surface, increasing the humidity of the air, and removing some of the heat, thus reducing the
temperature. Large areas of green space especially help to improve the thermodynamic properties of
the surface and promote the cooling and circulation of air, thus playing a significant role in easing the
heat island effect and limiting the diffusion of the heat island effect.

It is worth noting that the relationship between NDVI and LST is segmented. When the variation
of LST is between 0 and 0.1, the variation of LST is stable between 0 and 0.2; when the LST variation is
greater than 0.1, the decrease in NDVI begins to rise in series. This shows that the negative correlation
between NDVI and LST is more significant in the strong growth area of LST. In areas with smaller
changes in NDVI, The LST is also susceptible to the external environment. This is similar to related
research results. The climate, research scale, and soil moisture will interfere with the cooling rate
of vegetation on the LST, especially in areas with smaller changes in NDVI, and this interference is
significant [82,83]. At the same time, the vegetation types and landscape pattern of the vegetation
area will also affect the cooling effect. It is shown in Figure 6 that the cooling potential of forests is the
greatest. The vegetation heat dissipation showed a clear, consistent potentiality increase to a curved
patch shape, with bigger dimensions that was smoothly connected to other patches, which facilitated
surface heat loss to the surroundings [66]. Similarly, related research in Zhengzhou has shown that the
LST at the edge of the hot field is the most sensitive to NDVI [84].
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The positive linear correlation between NDBI and LST shows that buildings change the exchange
of latent heat and sensible heat on the surface directly and play a significant role in driving the
UHI effect [85]. The urban system is an important ecological system and is most affected by human
activities; transformation of a city radically changes the thermal properties of the underlying surface.
Urban construction and expansion have resulted in a large amount of vegetation and fertile land being
replaced by an impermeable layer. These materials have the characteristics of high thermal conductivity,
a strong absorptive capacity, a large heat capacity, small thermal inertia and low evaporation energy
consumption, and under the same solar radiation, the impermeable layer warms faster than the natural
surface [43,44].

4.2. The Driving Effect of Socio-Economic Factors on LST

Intensive human socio-economic activities lead to a large amount of anthropogenic heat release.
Many studies have suggested that the population density, urban construction, industrial production
and other socio-economic factors play driving roles in the UHI effect [34,50–52].

The urban system is a highly densely populated system, and a dense population is one of the main
causes of the concentration of heat in the city. The density and spatial distribution of the population
both have strong influences on the heat island effect—the more densely populated the areas, the higher
the temperature. In areas with a large population density, cooking, heating in winter, cooling in
summer, transportation and other heat release activities are more concentrated, and a large amount of
artificial heat release makes them high-temperature areas of the city [30,31].

The temperature of the inner city, which has a population of 50–100 million, is 1.1–1.2 ◦C higher
than that in the countryside. In cities with a population of over 1 million, the temperature has been
shown to be obviously increased by 1.2–1.5 ◦C [86,87]. Figure 11 shown that, in 1996, the population of
Zhengzhou’s downtown area was 2.2 million. Affected by the polarization of the city, the population
of Zhengzhou has been increasing. As of 2014, the resident population of the downtown area of
Zhengzhou was 3.8 million [64]. The population of downtown Zhengzhou has doubled over the past
20 years. Jinshui district has a large population base and the fastest growth rate. The population
increased from 0.6 million in 1996 to 1.4 million in 2014. The population is highly concentrated and
will release much artificial heat, which will aggravate the UHI effect.
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Figure 11. The population of Zhengzhou and its districts in 1996, 2000, 2006, 2010 and 2014.

The acceleration of the urbanization process in Zhengzhou has produced rapid urban construction,
such as real estate development, city-village reconstruction, the construction of industrial parks, etc.
During the day, impervious components of residences, hospitals, office buildings, schools, roads and
commercial squares emit a large amount of longwave radiation while absorbing solar radiation [88–90].
At night, the rows upon rows of buildings can effectively block the emission of longwave radiation,
so that the heat of longwave radiation in the day is retained in the urban area; therefore, a UHI area is
easily formed [91,92].
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The gross industrial output value is an indirect expression of energy and fuel consumption
during the process of industrial production. In 2014, the annual comprehensive energy consumption
in Zhengzhou was 19.63 million tons of standard coal. The light industry consumed 1.9 million
tons of standard coal, and heavy industry consumed 18 4 million tons of standard coal. The total
supply of liquefied petroleum gas (LPG) was 62018 tons, and the total supply of natural gas was
953.19 million cubic meters [56]. The majority of the electricity and chemical energy consumed during
industrial production is released as heat. In addition, industrial production also emits large amounts
of greenhouse gases, such as NOx, CO2, SO2, and aerosols. These greenhouse gases are good at
absorbing longwave radiation energy. Greenhouse gases cover an area similar to the thermal insulation
layer, enhance the atmospheric counter radiation, and aggravate the intensity of the regional thermal
environment [34]. Industrial parks are bound to become new heat island areas, which has been
confirmed in related research in other cities in China [52,92].

4.3. Implications

From the abovementioned analysis, this study has produced some implications for urbanists to
consider to reduce the negative UHI effect of city development.

(1) Improve the coverage rate of urban greening. On the basis of controlling the cost, increase
public facilities reasonably, such as green parks, forest parks, the road green belt and so on,
and encourage residents to build green roofs at the same time.

(2) Seek a reasonable scale, structure, system and spatial layout for urban land use. We should reverse
the traditional expansion model of single-center cities, actively push forward the construction of
multi-center cities, and reasonably control the total scale of built-up areas.

(3) The UHI is mainly formed by the joint action of urbanization and industrialization.
Controlling the energy consumption and urban economic development intensity and controlling
the total population and reasonable distribution are important measures to effectively curb the
UHI effect in Zhengzhou City. At the same time, proper control of the incremental development of
urban real estate and high-rise buildings is also important to effectively curb the heat island effect.

(4) Actively develop new energy technology. The large amount of heat energy emitted by human
beings is the most important drivers of the UHI effect. Therefore, we should promote the use of
new energy sources and the continuous development of new energy sources, such as wind and
solar energy. It is important to reduce the use of non-renewable energy sources, such as coal and
gasoline in order to reduce atmospheric pollution and human energy emissions.

5. Conclusions

Between 1996 and 2014, the LST of Zhengzhou increased continuously and gradually changed
to a relatively stable, high-temperature state. In 1996, 2000, 2006, 2010 and 2014, the average LSTs
in Zhengzhou were 29.2 ◦C, 29.7 ◦C, 29.0 ◦C, 32.0 ◦C, and 32.7 ◦C, respectively, and a steady growth
trend was maintained. Different types of land cover have strong impacts on the LST. The average LST
corresponding to the six types of land use, ranging from high to low, was construction > bare land
> farmland > grassland > forest > water. The most influential land use types for the urban thermal
environment were shown to be vegetation and the impervious layer. The impervious layer showed
a significant linear positive correlation with the LST, and vegetation was shown to mitigate the heat
island to a certain extent. The population density, urban construction and industrial development all
have strong driving effects on the UHI effect. Industrial parks and new districts have become new
heat island areas in Zhengzhou, but these areas are mostly located in the suburbs, and their spatial
distribution is scattered, which is relatively conducive to the loss of heat. The emergence of the UHI
effect has not been caused by a single driving factor, but is due to urban construction, population
aggregation, resource consumption, industrial development, urban land use types, and so on.
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