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Abstract: With the rapid development of urban agglomerations in northwest arid and semiarid regions of China, the scope of the urban
heat island (UHI) effect has gradually expanded and gradually connected, and has formed a regional heat island (RHI) with a larger
range of impact to the regional environment. However, there are few studies on the heat island effect of urban agglomerations in arid
and semiarid regions, so this paper selects the urban agglomeration of Hohhot, Baotou and Ordos (HBO) of Inner Mongolia, China as
the study area. Based on the 8-day composite Moderate-resolution Imaging Spectroradiometer (MODIS) surface temperature data (156
scenes in all) and land use maps for 2005, 2010, and 2015, we analyze the spatiotemporal distributions of regional heat (cool) islands
(RH(CO)]) and the responses of surface temperatures to land-use changes in the diurnal and interannual surface cities. The results showed
that: 1) from 2005 to 2015, urban areas showed the cold island effect during the day, with the area of the cold island showing a shrink-
ing feature; at night, they showed the heat island effect, with the area of the heat island showing a first decrease and then an increase.
2) From 2005 to 2015, the land development (unutilized land to building land) brings the greatest temperature increase (AT = 1.36°C)
during the day, while the greatest temperature change at night corresponds to the conversion of cultivated land to building land (AT =
0.78°C) exhibited the largest changes at night. From 2010 to 2015, the land development (grassland to building land) bring the greatest
temperature increase (A7 = 0.85°C) during the day, while the great temperature change at night corresponds to the conversion of water
areas to building land (AT = 1.38°C) exhibited the largest changes at night. Exploring the spatial and temporal evolution of surface urb-
an heat (cool) islands in urban agglomerations in arid and semiarid regions will help to understand the urbanization characteristics of
urban agglomerations and provide a reference for the formulation of policies for the coordinated and healthy development of the region
and co-governance of regional environmental problems.
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1 Introduction

Due to rapid economic development, the scales of urb-
an areas continue to expand globally (UN-Habitat,
2016). Urbanization has caused many rural people to
gather in cities, so this has led to a surge in demand for
construction land and a dramatic change in the land cov-
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er structure (Seto et al., 2012). By 2030, more than half
of the world’s new urban areas will be located in Asia
and by 2050, the total urban population will account for
68% of the total population, with the majority living in
Asia and Africa (United Nations, 2018). Changes in
ground cover, urban structures and building surface ma-
terials cause changes in the balance of radiant energy at
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the surface and result in higher urban surface temperat-
ures (Oleson et al., 2015; Sun et al., 2019; Yu et al,,
2019a). The resulting urban heat island effect (UHI) is
detrimental to air quality, health of residents, and en-
ergy consumption (Debbage and Shepherd, 2015; Fu
and Weng, 2016; Peng et al., 2016), which is a chal-
lenge for sustainable development in developing coun-
tries.

Since UHIs were proposed, scholars have analyzed
and resecarched the formation mechanisms, characterist-
ics of the evolution patterns, driving factors, and mitiga-
tion methods of individual UHIs (Stewart, 2011; Akbari
and Kolokotsa, 2016), and numerous research results
have made great contributions to mitigating UHIs in in-
dividual cities. However, with the accelerated urbaniza-
tion process, the city scales have been expanding. Large-
scale urban agglomerations form among cities with
close geographic locations and economic relationships,
and they have become a development trend (Gao et al.,
2019; Yuan et al., 2019; Li et al., 2020; Wang et al.,
2020b). Compared with individual cities, the conflict
between urbanization development and ecological envir-
onment is more intense in urban agglomerations, which
makes urban agglomerations gradually become a con-
centrated region of ecological and environmental prob-
lems (Fang et al., 2016). Under the development of urb-
an agglomerations, urban-rural boundaries are gradu-
ally weakening and then dramatically change the
thermal environment in continuous areas (Du et al.,
2016; Zhou et al., 2016; Yu et al., 2019b). The develop-
ment of urban agglomerations has caused the urban heat
island problem to no longer be limited to individual cit-
ies, and this problem has gradually expanded to the re-
gional level, with urban heat islands between cities
gradually connecting to form regional heat islands
(RHI) with a larger impact to the environment (Gao et
al., 2019; Yuan et al., 2019; Liao et al., 2021; Wang et
al., 2020a). In recent years, China has vigorously pro-
moted the development of urban agglomerations to
drive regional economic growth, and among them, sev-
eral urban agglomerations are distributed in the arid and
semiarid regions of northwest China. The fragile ecolo-
gical environment in arid and semiarid regions is more
vulnerable to the urbanization process, which hinders
the healthy development of urban agglomerations in ar-
id and semiarid regions (Song et al., 2020). Therefore, it
is necessary to study the RHI of urban agglomerations

in arid and semiarid regions to understand its distribu-
tion characteristics and evolution patterns.

The study of RHI in urban agglomerations mostly fo-
cuses on the morphological changes and influencing
factors of heat islands, and the study areas are mostly
located in the eastern coastal region of China, such as
the Yangtze River Delta urban agglomeration and the
Pearl River Delta urban agglomeration. For example, Ge
et al. (2010) analyzed the RHI distribution characterist-
ics of the Yangtze River Delta urban agglomeration
through GIS geostatistical methods, and pointed out that
the heat island distribution of major cities showed a ‘Z’
pattern, with the strongest heat island in summer, fol-
lowed by spring, and weak or no heat island in most
areas in autumn and winter. Wu et al. (2021) analyzed
the effects of socioeconomic, urban agglomeration and
physical indicators on RHI in the Pearl River Delta urb-
an agglomeration and found that physical factors are the
determinants of regional heat islands during daytime,
while socioeconomic factors are the determinants of re-
gional heat islands at night. There are still few studies
on RHI in urban agglomerations and almost no studies
on RHI in urban agglomerations in arid and semiarid re-
gions. Most of the UHI studies based on arid and semi-
arid regions are at the individual city scale, and investig-
ate the diurnal (Jahangir et al., 2019; LemoineRodrguez
et al., 2022) and seasonal (Haashemi et al., 2016;
Quintanatalvac et al., 2021) UHI variation patterns and
has explored the effects of land surface temperature
(LST) estimation methods (Majumder et al., 2021), land
use cover (Haashemi et al., 2016), and others on UHIs.
The UHIs in arid and semiarid regions have some differ-
ences from other regions, such as exhibiting a typical
urban cool island during the day, i.e., the urban core ap-
pears cooler when compared to suburban and rural areas
(Lazzarini et al., 2013; Rasul et al., 2017; Mohammad et
al., 2019; Wu et al., 2019), which can be attributed to
the evaporative cooling caused by urban vegetation and
soil moisture (Peng et al., 2012; Lazzarini et al., 2013).
In contrast, at night, the urban core exhibits an urban
heat island due to the heat release from roads as well as
buildings due to the albedo, evapotranspiration and re-
fractive index, which results in higher LSTs than in the
suburbs (Taha, 1997; Bonafoni et al., 2017; Luintel et
al., 2019). There are few studies in the existing literat-
ure that focus on UHIs in arid and semiarid regions
(Yun et al., 2020), even if they also suffer from negat-
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ive effects (Quintanatalvac et al., 2021). The heat island
effect of urban agglomerations in arid and semiarid re-
gions has received less attention, but the healthy devel-
opment of urban agglomerations is extremely important
for the regional economy. Therefore, it is necessary to
explore the characteristics of RHI in urban agglomera-
tions in arid and semiarid regions from a regional per-
spective, so as to provide a reference basis for urban
planning at the regional level.

The urban agglomeration of Hohhot, Baotou and Or-
dos (HBO) of Inner Mongolia, China is an emerging
urban agglomeration, as a regional urban agglomeration
in the central and western region of the ‘Two Horizont-
al and Three Vertical’ strategic planning pattern of
China’s main functional area, it is an important growth
pole for the coordinated development of the central and
western region, and has an important role in the devel-
opment of the regional economy. HBO urban agglomer-
ation plays an important role in the development of re-
gional economy. The study of the RHI of the HBO urb-
an agglomeration is important for the future develop-
ment planning of the urban agglomerations in arid and
semiarid regions. In this paper, the HBO urban agglom-
eration is selected as the study area. By using data from
the years 2000, 2010 and 2015, a total of 156 scenes of
the MOD11A2 surface temperature data and land use
and cover data were used. The effects of interannual di-
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urnal regional heat island intensities and land-use
changes on the surface temperature changes in the HBO
urban agglomeration were analyzed. This research
aimed to obtain: 1) the distribution differences and regu-
larities of day and night surface regional heat (cool) is-
lands in arid and semiarid urban agglomerations. 2) the
impacts of land-use changes on surface temperatures. It
provides a reference for the ecological environmental
protection of the HBO urban agglomeration, optimizes
the layout of towns and promotes the construction of a
regional ecological civilization to promote the harmoni-
ous and healthy development of the region.

2 Materials and Methods

2.1 Study area

The HBO urban agglomeration includes Hohhot, Baotou
and Ordos of Inner Mongolia in China (Fig. 1). The
geographical location lies between 37°35'N—42°40'N
and 106°42'E—112°10'E, with a total area of 131 600 km?,
which accounts for 11.4% of the land area of the entire
Inner Mongolia Autonomous Region. Hohhot City is
located on the Tumochuan Plain in central Inner Mon-
golia and borders the Yellow River and Daqing Moun-
tain to the north; Baotou City is located at the southern
end of the Mongolian Plateau and is bordered by the
Tumochuan Plain and Hetao Plain to the east and west,
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Fig. 1 Location of the HBO (Hohhot, Baotou and Ordos) urban agglomeration in China
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respectively, and is bordered by the Yellow River to the
south; Ordos City is located in the hinterland of the Or-
dos Plateau. The study area consists of an arid and semi-
arid regions with a semiarid continental monsoon steppe
climate. In spring, it is relatively dry and windy, with
drastic changes between cold and warm temperatures;
summer is hot with little precipitation; in autumn, the
temperatures drop rapidly, and the area is prone to frost;
in winter, it is cold, which persists for a long time.

The HBO urban agglomeration belongs to the experi-
mental area for the sustainable development of the na-
tional resource-based urban area, national energy and
mineral resource enrichment area and economic devel-
opment core area of Inner Mongolia. In 2015, the per-
manent residential population of the three cities was
7.934 million, which accounted for 31.6% of the per-
manent population of the Inner Mongolia Autonomous
Region. Moreover, the GDP was 1103.858 billion yuan
(RMB), which accounted for 53.69% of the total for the
Inner Mongolia Autonomous Region (Inner Mongolia
Autonomous Region Statistics Bureau, 2016).

2.2 Data and methods

2.2.1 Data sources and processing

(1) Moderate-resolution Imaging Spectroradiometer
(MODIS) data. This study uses the MOD11A2 dataset,
an 8-day composite land surface temperature (LST)
products that is available on National Aeronautics and
Space Administration’s official website (https://Ipdaac.
usgs.gov/) to extract the surface temperatures and then
analyzes the day-night changes in the RHI in the urban
agglomeration. The dataset is generated by the MODIS/
Terra space instrument and has significant advantages
over other datasets and is widely used in regional- and
global-scale UHI studies (Yao et al., 2017). MOD11A2
is a level 3 product with a resolution of 1 km. Based on
the 1B data, it corrects the edge distortions in the im-
ages, so image corrections can be omitted during pre-
processing. This dataset can provide surface temperat-
ure data during the daytime (10:30 a.m.) and nighttime
(10:30 p.m.), which are in the process of surface tem-
perature increase and decrease respectively (Qiao and
Tian et al., 2015), and can satisfy the requirements for
studying interannual RHIs. The period of 2000-2015 is
the stage of rapid urbanization process of HBO urban
agglomeration (Zhuang et al., 2019), and numerous
studies have shown that there is a strong link between

urbanization process and heat islands (Yuan et al., 2019;
Yu et al., 2019b; Liao et al., 2021), so the period of
2000-2015 is more suitable for this paper to study the
generation of regional heat island due to urbanization.
However, due to the large range of missing values in the
year 2000, using data from that year may have an im-
pact on the results. Therefore, based on the research
content, this study selects the MOD11A2 data (46 im-
ages per year) from 2005, 2010 and 2015, calculates the
day and night annual averages in ArcGIS, and then cal-
culates the Regional Heat Island Intensity (RHII).

(2) Land use cover data. This dataset is provided by
the Data Center for Resources and Environmental Sci-
ences, Chinese Academy of Sciences (RESDC) (http://
www.resdc.cn). We chose the land use cover data of
2005, 2010 and 2015 with a resolution of 1 km. There
are 25 land-use types in this dataset, which were reclas-
sified into six types for the convenience of research,
namely, cultivated land, forestland, grassland, water
area, building land and unutilized land. We use the re-
classified data to create a land use transfer matrix. After
that, the land use cover data and LST data can be spa-
tially linked. The statistics of the LSTs and their changes
in each class were used in Excel and were used to ana-
lyze the impact of land use transfers on the LSTs.

(3) Digital Elevation Model (DEM) data. This eleva-
tion dataset area provided by the Data Center for RES-
DC (http://www.resdc.cn). Elevation data can help to
extract plain areas and reduce the calculation errors that
are caused by large terrain differences.

(4) Night light data. This study uses the 2013 DMSP/
OLS night light dataset to help extract the areas that are
less affected by human activities to obtain the final rur-
al background. These data were obtained from the Na-
tional Environmental Information Data Center of the
National Aeronautics and Space Administration (http://
ngdc.noaa.gov/eog/dmsp).

2.2.2 Regional Heat Island Intensity (RHII) calcula-
tion

In ArcGIS, the eight-day composite MOD11A2 data
from 2005, 2010 and 2015 were calculated by using the
raster calculator to determine the average values that are
used to obtain the day and night interannual average
LST data. The DEM elevation data, land use cover data
and night light data were used to extract the rural back-
ground area, the RHII of the study area was obtained by
using the regional heat island intensity calculation for-
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mula (Yu et al., 2019b). However, the cold island range
is not defined in the class classification, so combined
with the results of RHII calculation, the RHII of HBO
urban agglomeration is divided into five levels, and the
range levels for the RHIIs for each level were as fol-
lows: Strong Cool Island, < —1°C; Weak Cool Island,
—1-0°C; No Heat Island, 0-2°C; Weak Heat Island,
2-3°C; and Strong Heat Island, > 3°C. The formula is as
follows (Eq. (1)):

1 n
RHII;=Ti~— Z‘ Terop (1)

In this formula, RHII; refers to the RHII of pixel i in the
remote sensing image (°C), T; is LST of pixel i (°C), and
n is the number of selected rural background pixels.
Trop represents the rural background pixel LST (°C) that
eliminates the influences of terrain, water bodies and
human activities.

Rural background extraction refers to the method pro-
posed by Liu et al. (2017), using data from 2015 to ex-
tract four indicators of plain area, cropland type, night
light value and NDVI value for overlay, and the ob-
tained rural background was used for RHII calculation
in 2005, 2010, and 2015. However, the HBO urban ag-
glomeration is located in a semiarid region with low ve-
getation cover, so three indicators other than the NDVI
were selected as overlays to obtain the final rural back-
ground.

(1) Plain area extraction. Excessive terrain height dif-
ferences will cause certain errors in heat island intensit-
ies. The DEM data are used to extract those areas with
elevation differences of < 50 m from the built-up area,
which can eliminate the heat island intensity errors that
are caused by terrain differences and make the results
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more accurate (Fig. 2a).

(2) Night light values. Human activity is an import-
ant influencing factor of the heat island effect, so this
paper extracts those pixels with night light values < 15
to eliminate areas with excessive human interference
(Fig. 2b). The DMSP/OLS sensor functions at night and
can detect low-intensity light that is emitted by city
lights, even small-scale residential areas, and traffic
flow, and can distinguish this light from the dark rural
background. Therefore, night light images can be used
as a representation of human activity and can be a good
data source for research on human activity monitoring.

(3) Cultivated land type extraction. The study area is
located in an arid and semiarid region, and most of the
cultivated land is dry land. Therefore, this paper uses
land use classification data and reclassifies the land
types into building land, water area, cultivated land,
grassland, forestland and unutilized land to extract the
cultivated land for the final rural background extraction
(Fig. 2¢).

By using the above three indicators, we can determ-
ine rural background areas with research resolutions of
1 km (Fig. 2d).

2.2.3 Responses of surface temperature to land-use
changes

Urbanization is the main cause of land-use type
changes, among which the expansion of building land is
one of the important features of urbanization. Analyz-
ing the LST characteristics of the land use types and re-
sponses of the LSTs to the expansion of building land
can help us to understand the relationship between the
thermal environment and land-use changes during urb-
anization.

Therefore, in this study, the diurnal annual average
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Fig. 2 (a) Plain area extraction with urban DEM differences < 50 m; (b) area extraction with night light values < 15; (c) cultivated land
extraction based on land cover data; and (d) final rural background obtained by overlaying the first three images in HBO urban agglom-

eration of China
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surface temperature data from 2005 to 2015 in the study
area were overlaid with the land use classification data
by using ArcGIS software. The statistics were gener-
ated in Excel to obtain the surface temperatures of each
land-use type. Moreover, by using the land-use classific-
ation data from 2005 to 2015, land-use transfer matrices
from 2005 to 2010 and from 2010 to 2015 were pro-
duced, and by overlaying the interannual surface tem-
perature differences, the categories of land conversion
to building land from 2005 to 2010 and from 2010 to
2015 (e.g., cultivated land to building land, forestland to
building land, grassland to building land, water area to
building land, building land to building land, and unutil-
ized land to building land), the characteristics of the
LST changes when different land-use types were con-
verted to building land were analyzed. The land-use
transformation matrix can reflect the dynamic process of
inter-conversion between the area of each type at the be-
ginning and at the end of a period of time in a region,
and it has the generic form of (Eq. (2)):

St St2 Sin
S
S; = S S» 2 @)
Sln S2n Snn

where §;; refers to area of land-use type i converted to
land-use type j. n refers to the number of land-use types.

3 Results

3.1 Day and night regional heat (cool) island in-
tensities

From the spatial distribution of Regional Heat (Cool) Is-
land (RH(C)I) in Hohhot, Baotou and Ordos (HBO)
urban agglomeration, during the daytime, cold islands
are mainly distributed in the eastern, northern and cent-
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Fig. 3

ral areas, and heat islands are mainly distributed in the
desert areas in the west and southwest (Fig. 3). At night,
cold islands are mainly distributed in the northern and
central-western regions of the urban agglomeration, and
heat islands are mainly distributed in the central, north-
western and southern regions (Fig. 4). The southern and
northwestern parts of the urban agglomeration are dis-
tributed with the Mu Us Desert and Hobq Desert, which
show heat island effect due to their own arid climate ef-
fects, with higher daytime and nighttime temperatures
than the rural background temperature. The central and
eastern parts of the urban agglomeration are densely dis-
tributed areas of building land (Fig. 5). The densely dis-
tributed areas of building land in the central of the urb-
an agglomeration show Weak Cool Island and Strong
Cool Island in general, and Weak Cool Island in the
eastern; while the densely distributed areas of construc-
tion land in the central of the urban agglomeration show
Weak Heat Island and Strong Heat Island at night, and
Weak Heat Island effect in the eastern. Most of the
densely building land areas are urban areas, which have
relatively good greening facilities compared with rural
areas. The high level of vegetation coverage can cool
down the temperatures during the day and at night can
also retain the heat released from building land. In con-
trast, there are more bare lands and low-coverage grass-
lands in the suburbs, and the overall vegetation cover-
age is low. These land types with low vegetation cover
have the characteristics of rapid heating during the day
and rapid cooling at night. As a result, the land surface
temperature (LST) of the densely built land areas dur-
ing the day are lower than those of the suburbs and ex-
hibit a cold island effect, and the LSTs at night are high-
er than those of the suburbs and show a heat island ef-
fect. It is inferred from these observations that the land
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Intensity distributions and areas of regional heat (cool) islands (RH(C)I) in the daytime from 2005-2015 in HBO urban agglom-

eration, China. SCI (Strong Cool Island); WCI (Weak Cool Island); NHI (No Heat Island); WHI (Weak Heat Island); SHI (Strong Heat

Island); RHII (regional heat island intensity)
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Fig. 5 Changes of building land from 2005-2015 in HBO urban agglomeration, China

use cover type is a significant factor that leads to cool
islands during the day and heat islands at night. Addi-
tionally, we found that the distribution of building land
to the north of Daqing Mountain also had a larger area
but showed both strong and weak cool island effects
during the day and night. Because the building land in
the north is relatively scattered and the elevations are
higher in the north, this area does not exhibit the heat is-
land effect at a regional scale; the barrier of Daqing
Mountain causes the building areas in the north and
central parts of the study area to not be connected into
one piece and thus produces differences.

From the area change of RH(C)I in HBO urban ag-
glomeration (Fig. 3d, Fig. 4d). During the daytime from
2005 to 2015, the Strong Cool Island range of HBO urb-
an agglomeration showed the characteristics of shrink-
age before expansion, with the areas of 14 846.42,
6697.86 and 8874.43 km* in 2005, 2010 and 2015, re-

spectively. Weak Cool Island range showed the charac-
teristics of shrinkage year by year, with the areas of
38 112.75, 30 793.36 and 28 758.21 km? in above three
years, respectively. The scope of No Heat Island showed
a small shrinkage followed by a large expansion, with
an area of 33 917.62, 32 5973.28 and 36 931.10 km? in
each year, respectively. The scope of Weak Heat Island
showed a large expansion followed by a small shrink-
age, with an area of 33 395.77, 50 086.08, 46 393.44 km?.
Strong Heat Island range shows the characteristics of
gradual and small shrinkage, with the areas of 11 770.07,
11 633.53, 11 066.54 km® in each year, respectively.
During the night from 2005 to 2015, the urban agglom-
eration Strong Cool Island range was characterized by
expansion followed by a small shrinkage, with the areas
of 13 820.22 km’, 15 473.43 km® and 14 741.91 km’ in
2005, 2010 and 2015, respectively. Weak Cool Island
range was characterized by gradual shrinkage, with the
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areas of 35 666.94, 33 942.47 and 27 749.10 km® in
each year, respectively. The No Heat Island range is
characterized by a shrinkage followed by a large ex-
pansion, with the areas of 45 270.35, 41 666.65 and
49 787.49 km® in each year, respectively; the Weak
Heat Island range is characterized by a large expansion
followed by a small shrinkage, with the areas of
25 549.33, 32 077.31 and 28 672.58 km® in each year,
respectively; the Strong Heat Island range is character-
ized by a shrinkage followed by an expansion, with the
areas of 11 709.71, 8883.46 and 11 074.04 km® in each
year, respectively.

In Fig. 3 and Fig. 4, we can see that the extent of the
Weak Heat Island in the west and south during the day-
time and the extent of the Strong Cool Island in the
three urban junction areas in the central part change the
most; the extent of the weak heat island in the south and
the strong heat island in the central part change greatly
at night. The diurnal regional heat island effect in the
three urban junction areas in the central part of the urb-
an agglomeration changed significantly from 2005 to
2015. At the same time, the central part is a densely dis-
tributed area for building land, and we reasonably spec-
ulate that the distribution and evolution characteristics
of RH(C)I in the HBO urban agglomeration are more in-
fluenced by urbanization.

3.2
changes

3.2.1 Day and night surface temperatures of differ-
ent land-use types

The LSTs of grassland and building land during the day-
time from 2005 to 2015 decreased first and then in-

Response of surface temperature to land-use
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creased (Fig. 6a), while the LSTs for the other land
types gradually increased. Additionally, grassland had
the highest LSTs, which were followed by unutilized
land, while forestland had the lowest LSTs. In the nights
from 2005 to 2015, the LSTs of each class exhibited
year by year increases. The LSTs of building land were
the highest, which were followed by water area and un-
utilized land; the LSTs of cultivated land were the low-
est (Fig. 6b). It can also be seen from the chart that
when compared with 2005 and 2010, the LSTs of each
class were highest in 2015.

In general, unutilized land has high LSTs during both
the day and night and belongs to high-temperature land;
grassland is high-temperature land during the day and
low-temperature land at night; building land and water
areas are relatively low-temperature land during the day
and night; the land types with low temperatures during
the day and night are cultivated land and forestland.
3.2.2 Response of surface temperatures to construc-
tion land changes
It can be seen from Table 1 that, from 2005 to 2010, the
most significant increases in LSTs (A7 = 1.36°C) were
observed during the daytime when unutilized land
which is mainly marshland with the low LSTs was con-
verted to building land. Additionally, the LSTs changes
that were due to the conversion of cultivated land to
building land exhibited decreases because the cultivated
land around the cities is mainly fallow land. The sur-
face vegetation cover of fallow land is very poor, so it
has higher LSTs than building land. At night, the LSTs
increased after the conversion of each land type to
building land. The changes in LSTs that were due to the
conversion of cultivated land to building land were the

2005
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Fig. 6 Diurnal (a) and night (b) annual average land surface temperature (LST) of each land-use type at night from 2005 to 2015 in

HBO urban agglomeration, China
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largest at night (AT = 0.78°C) because heat dissipates
faster at night in fallow land, so the temperatures are
lower at night.

During 2010-2015, the LST changes that were due to
the conversion of grassland to building land were
greatest during the daytime (A7 = 0.85°C) because the
grasslands that were converted to building land were
mainly medium- and high-cover grasslands in the urban
and rural surroundings. The changes in LSTs that were
due to converting water areas to building land were
greatest at night (AT = 1.38°C). For the water area type,
it mainly consists beach land that was subsequently con-
verted to building land. Based on protecting the ecolo-
gical environment, other water areas, such as lakes,
ponds and reservoirs, are not suitable for development
and construction. Under the climate of arid and semiar-
id regions, the vegetation coverage of beach land is low,
and the temperatures are low at night. Therefore, the
LSTs of the water areas that were converted to building
land changed greatly.

4 Discussion

4.1 Characteristics of regional heat (cool) island ef-
fect of HBO urban agglomerations

From the distribution characteristics of the diurnal
RHIIs, we find that the dense building land area in the
HBO urban agglomeration exhibits a cool island effect
in the daytime and heat island effect in the nighttime,
which are similar to the results of existing studies on the
heat (cool) island effects of individual cities in arid and
semiarid regions (Lazzarini et al., 2013; Mathew et al.,
2018; Alahmad et al., 2020). Due to the influence of the
climatic background of arid and semiarid regions, their
surface vegetation is sparse. Moreover, sandy land, bare

land, and other hot land types are widely distributed in
suburban areas compared with the high level of vegeta-
tion cover in cities, so urban areas exhibit a cool island
effect during the daytime. At night, the impermeable
surfaces of cities release heat, which causes the surface
temperatures to rise and results in a heat island effect.

Compared with the study of the heat island effect of
other urban agglomerations, the daytime cool island ef-
fect of the HBO urban agglomeration shows a gradual
fading trend; that is, the temperature differences betw-
een urban and rural areas gradually narrow. The changes
in the urban heat island effect at night are relatively
stable, but they show a trend from Weak Heat Islands to
Strong Heat Islands. Moreover, the heat island effect of
the building land-intensive area in the central part of the
urban agglomeration at night presents the characterist-
ics of a spatial connection. The existing studies show
that with the regional development of urban agglomera-
tions, the heat island effect of a single city in urban ag-
glomerations has spatial overlap and is cross-regional
(Han and Xu, 2013). The extents of overlap and connec-
tion are related to the degree of development of urban
agglomerations, such as the Yangtze River Delta, Pearl
River Delta and other mega urban agglomerations. The
spatial connections of heat islands are more obvious
(Zhang et al., 2017; Lin et al., 2018), while the heat is-
land connection of the Beibu Gulf urban agglomeration
(Qin et al., 2020) and Chengdu-Chongqing urban ag-
glomeration is not obvious. In this study, the regional
heat island of the HBO agglomeration at night also pres-
ents the characteristics of spatial connection. However,
this is not significant, which indicates that the urban ag-
glomeration is in a stage of rapid development.

Since 2007, the Inner Mongolia Autonomous Region
has begun to cultivate and develop the HBO urban ag-

Table 1 Different land use transition types and their land surface temperature (LST) changes in HBO urban agglomeration, China

2005-2010

2010-2015

Different land use transition

Daytime AT/°C  Nighttime AT/ °C Area/km’ Daytime AT/°C  Nighttime AT/ °C Area/km’
Cultivated to building land -0.72 0.78 12.83 0.61 1.09 292.06
Forestland to building land -0.98 0.70 0.03 0.67 1.26 41.95
Grassland to building land 0.45 0.51 18.65 0.85 1.17 607.75
Water area to building land - - 0.71 1.38 28.17
Building to building 0.16 0.41 2400.69 0.61 0.91 2413.68
Unutilized land to building land 1.36 0.14 0.72 0.75 1.12 159.21
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glomeration and actively promote regional economic in-
tegration (Xu and Shi, 2010). The results show that
within the HBO urban agglomeration, the warming area
of the urban agglomeration is gradually expanding from
the eastern region to the central region, which is related
to the expansion mode of building land. From 2005 to
2010, the building land in Hohhot in the eastern urban
agglomeration expanded relatively rapidly, while from
2010 to 2015, the building land in all cities entered a
stage of rapid expansion.

4.2 LST differences in land-use types of HBO urb-
an agglomerations

The land cover characteristics of the HBO urban ag-
glomeration in the context of arid and semiarid climates
are different from those of other urban agglomerations.
The main land types of the HBO urban agglomeration
are grassland and unutilized land, with area shares of
59.35% and 20.80%, respectively. In contrast, the land-
use types of other urban agglomerations mainly consist
of cultivated land, forestland or building land; for ex-
ample, the Beijing-Tianjin-Hebei urban agglomeration
of China has the largest proportion of cultivated land
(47.10%), which is followed by forestland (32.84%),
while the Changsha-Zhuzhou-Xiangtan urban agglomer-
ation in Hunan Province of China, has the largest pro-
portion of forestland, which is followed by cultivated
land.

There are differences in the LSTs between different
land-use types, and studies have shown that forestland
and cultivated land are low-temperature land types and
that building land is a high-temperature land type (Sun
et al., 2018). The same conclusion was also reached in
this paper. However, unlike the conclusions of other
studies, the unutilized land in the HBO urban agglomer-
ation is a high-temperature land type. Among the types
of unutilized land, the LSTs of sandy land, saline land,
and marshland vary widely, with lower LSTs for marsh-
land and higher LSTs for sandy land. In other urban ag-
glomeration studies, grassland is mostly categorized as
green land, which is a land type that has a mitigating ef-
fect on the urban heat island effect. In arid and semiarid
urban agglomerations, grasslands are classified as high-
temperature land types. Among the grassland types,
grasslands with different vegetation cover have signific-
antly different LSTs, and grasslands have high cover
and lower LSTs.

In studies of the individual UHI effects in arid and
semiarid regions, the land use types in rural areas
mostly have high LSTs (e.g., bare land and low vegeta-
tion cover), which are attributed to the emergence of
urban cold island effects (Mohammad et al., 2019;
Naserikia et al., 2019; Bindajam et al., 2020). Similar to
the results from individual cities, the suburban extent of
the HBO urban agglomeration mainly consists of high-
temperature land-use types. In contrast, the suburban ex-
tents of other urban agglomerations consist of low-tem-
perature land-use types. Due to the differences in cli-
mate, the higher LSTs in the suburban areas of the HBO
urban agglomeration than in the urban areas during the
daytime show a cool island effect. In contrast, the other
urban agglomerations show a heat island effect.

4.3 Shortcomings and prospects

In terms of the research methods, the calculation meth-
ods for the heat island intensities in current heat island
studies of urban agglomerations have not yet been uni-
fied, and each method has advantages and disadvant-
ages. The RHII calculation method referenced in this
paper has the advantage of simplicity, which uses the
overall cultivated land in the study area as the rural
background and excludes the interference from topo-
graphy and human factors. However, the method ig-
nores intercity microclimates, which thus affects the
LST values of the rural background, which is an un-
avoidable problem in regional urban heat islands. Stud-
ies at regional scales should be based on regional cli-
mate backgrounds, and the HBO urban agglomeration
belongs to the semiarid continental monsoonal steppe
climate, which has similar climate characteristics, so the
method is considered to be applicable to this study area.
In the process of RHII estimations, the errors in the in-
terannual LST data, which were obtained by the aver-
aging method in this paper, also need to be considered.
Although the 8-d synthetic LSTs exclude the influences
of cloudiness and other factors to ensure the quality of
each image, the errors arising from averaging twice
need to be considered. Existing studies also address the
problem of missing data due to cloud cover in remote
sensing images by using methods such as random forest
regression (Zhao and Duan, 2020), satellite thermal in-
frared and satellite passive microwave measurements
(Duan et al., 2017) to reconstruct the LST, and the re-
constructed LST is closer to the actual value, which can
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be used in future studies to process the LST data will
achieve better results.

In the research content, we only studied the interan-
nual RHI characteristics of the HBO urban agglomera-
tion and briefly explored the relationships among the
land use types and LSTs without going deeply into ana-
lyzing the influencing factors of RHI in the HBO urban
agglomeration. Future studies should add biophysical,
socioeconomic and meteorological factors and analyze
the contributions of these impact factors to the RHII.

5 Conclusions

In this study, the MOD11A2 8-d synthetic surface tem-
perature data and land use classification data for 2005,
2010 and 2015 were used as the main data, as well as
the DMSP/OLS nighttime light data and DEM eleva-
tion data, to extract the rural background. Then, the
RHIIs were calculated and used to classify the heat is-
land class. We analyzed the spatial and temporal distri-
bution characteristics of the RHIs in the HBO urban ag-
glomeration and explored the effects of building land-
use changes on surface temperatures. The main conclu-
sions are as follows.

(1) The spatial and temporal distribution characterist-
ics of diurnal RH(C)I in urban agglomeration have large
differences. During the daytime, cold islands are mainly
distributed in the eastern, northern and central areas, and
heat islands are mainly distributed in the desert areas in
the west and southwest; at night, cold islands are mainly
distributed in the northern and central-western areas of
the urban cluster, and heat islands are mainly distrib-
uted in the central, northwestern and southern areas.
Among them, the diurnal RH(C)I in the central part of
the HBO urban agglomeration, where building land is
densely distributed, has the largest variation from 2005
to 2015. During the daytime, the central part of the urb-
an cluster shows a trend of change from Weak Cool Is-
land to No Heat Island, and the area of No Heat Island
expands; at night, Strong Heat Island and Weak Heat Is-
land are mainly distributed in the central part of the urb-
an agglomeration, and the heat island area as a whole
shows a change characteristic of first decreasing and
then increasing. It can be seen that urbanization activit-
ies have a great influence role on the spatial and tempor-
al distribution and evolution of RH(C)I.

(2) The surface temperatures for each land use type

during the day are grassland > unutilized land > build-
ing land > water area > cultivated land > forestland; the
surface temperatures for each land use type at night are
building land > water area > unutilized land > forest-
land > grassland > cultivated land.

(3) From 2005 to 2010, the land-use changes had a
greater impact on the daytime surface temperature
changes, while the land-use changes from 2010 to 2015
had a greater impact on the nighttime surface temperat-
ure changes. During 2005—-2010, the temperature of un-
used land that was converted to building land changed
the most during the day (AT = 1.36°C), and those of dry
land that was converted to building land changed the
most at night (AT = 0.78°C). From 2010 to 2015, the
temperature of grassland that was converted to construc-
tion land changed the most during the day (AT =
0.85°C), and those of water areas that was converted to
building land changed the most at night (A7 = 1.38°C).
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