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Abstract: The Yellow River is the second largest river in China, and the provinces and cities affected
by the Yellow River are called the Yellow River Basin influence area. The relationship between land
use and surface thermal effects in the influence area of the Yellow River Basin from 2000 to 2015 was
analyzed using MODIS remote sensing data and an energy balance algorithm. The results showed
that: (1) net radiation and latent heat flux both increased, and the high value areas were located in the
urban expansion areas and natural and seminatural areas, respectively; (2) net surface energy intake
showed a upward trend, and increased as the intensity of human influence increased, indicating
that human activities had strengthed the positive trend of net surface energy intake and increased
the warming effect; (3) net radiation had a greater impact on surface energy intake than latent heat
flux, and this relationship was more obvious in land use types that were greatly affected by human
activities. This study emphasizes the difference in energy budgets of different land use types under
the influence of human activities. It provides a theoretical basis for judging the climate change trend
and urban heat island effect in the influence area of the Yellow River Basin from the perspective of
biogeophysics.

Keywords: influence area of the Yellow River Basin; land use; net radiation; human activities

1. Introduction

The surface energy exchange process is a link between land–air energy conversions
and is characterized by surface radiation and the thermal balance which are closely related
to solar radiation, ecological change and human activities [1,2]. The impact of these natural
or anthropogenic factors on climate change is mainly realized through variations in surface
radiation and the energy balance. Moreover, their responses to climate change are reflected
in the surface radiation and energy balance processes [3]. Thus, factors that represent the
forcing process in these mechanisms, such as the surface albedo and latent heat flux, play
an important role in the surface energy balance.

Since the mechanism of the surface energy balance is complicated, to estimate the
surface energy budget processes under various land use types or conditions, other variables
are needed that can reflect the effect caused by surface albedo and the latent heat flux
(LE) [4], such as the land use and cover change (LUCC) and land surface temperature
(LST). Because surface albedo can directly alter the solar radiation absorbed by the surface,
it can cause changes in the long-wave radiation and latent heat from the surface to the
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atmosphere and sequentially influence the temperature in other regions through atmo-
spheric advection processes [5]. As one of the important parameters of land surface process
models and climate models [6], small changes in surface albedo, such as a global planetary
albedo change of 5%, can profoundly affect the surface energy balance and global surface
temperature [7,8].

However, if extra energy is used in evapotranspiration when the solar radiation
absorption is increased by more vegetation, a cooling effect may appear [9]. Therefore, the
LE, which is proportional to evapotranspiration and determines the local and global water
balance [10], is also an important component of the surface energy balance. Furthermore,
LUCC can influence climate locally, regionally, and globally by altering biogeophysical
processes (such as surface albedo and evapotranspiration) and biogeochemical processes
(such as carbon cycling and greenhouse gas emissions) [11–15], exploring the effect of
LUCC is helpful to understand the biogeophysical and biogeophysical mechanism of the
surface energy balance, urban heat island, and climate systems. In addition, the LST, which
is considered as a key variable in many applications, including agriculture, hydrology, and
meteorology, and it is an important parameter in the study of surface energy balance and
water cycle processes [16–19].

The proposed land surface energy balance algorithm is based on the physics of heat
transfer and energy conservation, and is mainly based on the physics of heat transfer and
energy conservation, and is widely used in many studies with remote sensing data [20],
including agricultural management, urbanization impact research, and water balance
research. Furthermore, the main data products of these algorithms include radiation
balance, soil heat flux, LE and evapo-transpiration, which can achieve calculations for
each pixel of the image [1]. Based on the algorithm of land energy balance, the changes
of land energy budget caused by land use change in individual areas could be quantified,
which provided a new perspective for exploring on the eco-climatic effects of land use
changes [21–23].

The Yellow River is the second largest river in China, with a total length of about
5464 km. From the late 1980s to the present, grassland and forest land have decreased
in the Yellow River Basin (YRB), but arable land, urban land, and unused land increased
in this region [24]. The provinces and cities affected by the run of the Yellow River
through the eastern, central, and western parts of China, are called the influence area of the
YRB. The influence area of the YRB has important ecological functions in China and also
represents a major contributor to the national economic and social development [25–27].
In recent years, the Chinese government has emphasized the need to adhere to ecological
protection practices and encouraged high-quality development in the influence area of
the YRB [28,29]. Thus, appropriate land use planning can play a significant role in the
economic and social development of the region and can also play a positive role in the
ecology and climate of the region [30]. Its high-quality development is of great significance
to China’s social and economic development and the construction of ecological security
pattern. Therefore, to reflect the effect of LUCC on the ecological environment and regional
climate, it is necessary to characterize changes in the effect size [31].

In this paper, we take the influence area of the YRB as the study topic. Based on
the surface albedo, surface temperature, solar radiation and latent heat flux, the surface
radiation balance and energy balance were studied. In addition, from the perspective of
spatial variability of land use types, we analyzed the changes in surface energy balance
brought about by changes in land types, it can expand the understanding of studying
temperature based on LST, and assess the LUCC’s potential impact on climate. These
results would have important theoretical and managerial implications [32], which can
serve as a guide for studies of urban temperature variability, and also help to understand
the climate change and energy balance effects of land cover types [33,34].
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2. Materials and Methods
2.1. Study Area

The Yellow River originates on the Qinghai-Tibet Plateau and flows through nine
provinces: Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan and
Shandong. The Yellow River Basin is an ecological corridor connecting the Qinghai-Tibet
Plateau, Loess Plateau and North China Plain, and it is also an important ecological barrier
and economic zone in China. The influence area of the YRB, which refers to the provinces
and cities affected by the Yellow River, involves 14 provinces and cities (municipalities) in
the east, middle and west of China, including the nine provinces mentioned above, and
mainly extends to the four provinces of Tianjin, Hebei, Jiangsu and Anhui. As shown in
Figure 1, the total land area of the influence area of YRB is 1.4 × 106 km2.
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Figure 1. (a): The location of the nine provinces and regions in the Yellow River Basin. (b): The location of 14 provinces and
regions influenced by the Yellow River Basin.

2.2. Data Resource

This study used European Space Agency 300 m spatial resolution land cover data from
2000–2015, which can be downloaded at (http://www.esa-landcover-cci.org/, accessed
on 15 May 2021). Temperature interpolation data were obtained from the Resource and
Environmental Science Data Centre of the Chinese Academy of Science (http://www.resdc.
cn, accessed on 15 May 2021). Water vapor pressure data were obtained from the Scientific
Data Sharing Centre of the China Meteorological Administration (http://data.cma.cn/,
accessed on 15 May 2021). Solar radiation data were downloaded from the Laboratory
of Environmental Ecology, Seoul National University (Seoul, Korea; http://environment.
snu.ac.kr, accessed on 15 May 2021). Remote sensing data for surface albedo (albedo),
LST, surface specific emissivity (emissivity), and LE were obtained from the Moderate
Resolution Imaging Spectro radiometer (MODIS) data products provided by NASA for the
years 2000–2015 (https://modis.gsfc.nasa.gov/, accessed on 15 May 2021). The MODIS
data information is shown in Table 1. In this paper, all MODIS remote sensing data were
converted to annual average data with a spatial resolution of 1 km.

Table 1. Moderate Resolution Imaging Spectro radiometer (MODIS) data items and descriptions.

Data Items Time Resolution Spatial Resolution Data Resource

Albedo daily 500 m MCD43A3
Temperature (LST) daily 1 km MOD11A1

Latent heat flux (LE) 8 daily 500 m MOD16A1
Emissivity daily 1 km MOD11A1

http://www.esa-landcover-cci.org/
http://www.resdc.cn
http://www.resdc.cn
http://data.cma.cn/
http://environment.snu.ac.kr
http://environment.snu.ac.kr
https://modis.gsfc.nasa.gov/


Land 2021, 10, 601 4 of 16

2.3. Research Methodolgy
2.3.1. Land Use Reclassification

On the basis of the land use data of the study area in 2000 and 2015, the three land use
types with significant differences in coverage were classified as: urban areas, cropland, and
natural and semi-natural areas (Figure 2). After overlaying the data of the two periods, the
following change permutations were obtained (Table 2), namely, old urban areas, cropland,
areas where cropland became urban areas, natural and semi-natural areas, areas where
natural or semi-natural land became urban areas, areas where cropland became natural
or semi-natural areas, and areas where natural or semi-natural areas became cropland.
As shown in Table 2, from 2000 to 2015, the land changes in the influence area of the YRB
mainly involved the expansion of urban land. Urban expansion made up most of the
changed area (1.8%), accounting for 72% of the changed land types. Unchanged cropland
and natural and semi-natural areas account for 25% and 72% of the total area, respectively.
During the study period, 0.3% of natural and semi-natural areas were transformed into
cropland, and 0.4% of cropland was transformed into natural and semi-natural areas.
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Table 2. Statistics on the proportion of land type change.

Land Use Change from 2000 to 2015 Unchanged Land Types from 2000 to 2015

Categories Percentage Categories Percentage

cropland to urban areas 0.8% urban areas 0.5%
natural and semi-natural areas to urban areas 1% cropland 25%
natural and semi-natural areas to cropland 0.3% natural and semi-natural areas 72%
cropland to natural and semi-natural areas 0.4%

From 2000 to 2015, most cropland and natural and semi-natural areas in the influence
area of the YRB remained unchanged, although some was converted to urban land. It can
be seen that the urban expansion area accounts for the largest proportion of the total land
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conversion. In urban areas, the under-lying surface is composed of impermeable surfaces,
with low surface evapotranspiration capacity and small heat capacity. Therefore, it is
important to discuss changes of surface energy budget brought about by urban expansion
in this study. There was also a mutual transformation between cropland and natural and
semi-natural areas, which can be classified into one category in this study.

Here, the land use types after coverage were reclassified. Areas that were cities during
2000–2015 were classified as old urban areas (OU). Urban expansion areas were classified as
(UE), and urban change areas (land use types changed, but urban expansion does not occur)
were classified as (UC). Natural or semi-natural areas and cropland areas that had not
changed between 2000 and 2015 were classified as (NA) and (CP) respectively. The process
of land classification is shown in Figure 2, and the land use types after reclassification are
shown in Figure 3. Overall, the area of land use change was 2.99 × 104 km2 accounting for
2.5% of the total area. The order of the proportion of the five land use types from high to low
was NA > CP > UE > OU > UC. As shown in Figure 3, most of the land in the influence area
of the YRB was NA and CP, which covered 1.13 × 106 km2 and 3.95 × 105 km2, respectively,
followed by UE and OU. The smallest area was MP, which covered 4.18 × 104 km2.
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2.3.2. Calculation of Surface Energy Balance and Warming Effects

As different land use patterns have different impacts on the surface energy balance,
we calculated the changes in surface energy under the land types with the surface energy
balance algorithm. As shown in Figure 4, the differences and relationships between energy
intake and expenditure parameters under the five land use types (OU, UE, NA, CP, UC)
were analyzed.

The surface energy balance equations of various influencing factors are as
follows [20,35,36]:

Rn = Sw + Lw (1)

Sw = Sw(d) − Sw(u) = (1 − a)Sw(d) (2)

Lw = Lw(d) − Lw(u) = El Lw(d)(Ta, Ea)− Lw(u)(Tl , El) = ElδEaTa
4 − δElTl

4 (3)

Ea = 1.24(P/Tl)
1
7 (4)

where δ = 5.67× 10−8w/m2/K4, Rn is the net radiation, Sw is the net short-wave radiation,
Sw(d) is the downward short-wave radiation, Sw(u) is the upward short-wave radiation, Lw
is the net long-wave radiation, Lw(d) is the downward long-wave radiation, Lw(u) is the
upward long-wave radiation, and the radiation unit is w/m2. a is surface albedo. El is
surface emissivity, Ea is air specific emissivity. Ta is air temperature, Tl is land surface
temperature, and the unit of temperature is K. P is the water pressure, unit is hPa.
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In this paper, −Rn is used to represent the energy absorption forced by biophysical
factors. The negative sign indicates that Rn decreases as the increase of albedo. At the same
time, LE stands for the forcing of Rn’s consumption on energy consumption. Therefore,
LE − Rn in this study represents the final result of the forced balance of energy intake
and expenditure caused by LUCC [37,38]. Under the condition of forced equilibrium,
the energy of sensible heat flux and soil heat flux decreased due to the larger LE − Rn
value. Therefore, less energy is used for heating the atmosphere and surface temperature,
which corresponds to cooling feedback or weak heating feedback. On the contrary, a lower
LE − Rn value is equal to stronger heating feedback.

2.3.3. Analytical Method

On the basis of the surface energy balance algorithm, the radiation factors (long wave
radiation, short wave radiation and net radiation), latent heat flux (LE) and other related
variables affecting the surface energy balance were calculated. Using the regional statistical
method of spatial statistics, the average value of all pixels in a certain land use type was
calculated. The variation of different energy factors of different land use types over time
from 2000 to 2015 was analyzed by classical linear regression, significance test and trend
analysis statistical techniques.

The MODIS images are available daily, so it is easy to quantify the monthly, quarterly,
and annual changes of radiation factors and latent heat flux. In this study, we chose to
analyze the interannual variation of radiation factors (mainly Rn), LE and LE − Rn from
2000 to 2015. We used correlation analysis to identify the relationship among LE, Rn and
LE − Rn and to explore their contribution to regional warming and cooling. The LST is an
important parameter that should be accounted for in the study of the land surface energy
balance, so we also explored the response of LST to various factors; that is, the correlation
among LE, Rn, LE − Rn and LST was discussed.

3. Results
3.1. Changes in Surface Energy Intake
3.1.1. Net Shortwave and Longwave Radiation

The spatial variation of net shortwave (Sw) and net longwave radiation (Lw) over the
study period was calculated on the basis of the difference between the data in 2000 and
2015. As shown in Figure 5, the Sw and Lw changes were positive over most of the study
area, with multi-year trend values of 1.67 w/(m2·year) and −0.23 w/(m2·year) for Lw and
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Sw, and multi-year averages of 540.2 w/(m2·year) and 128.3 w/(m2·year) for Lw and Sw,
respectively.
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Figure 5. Spatial differences of (a) net shortwave radiation (Sw) and (b) net long-wave radiation (Lw) in the influence area of
the YRB from 2000 to 2015.

In terms of spatial distribution, Lw increased greatly in the three southeast provinces
(Jiangsu, Anhui and Henan), mainly distributed in the CP area, while the regional distribu-
tion of negative differences was concentrated in the southwest region (Tibet and Qinghai),
mainly distributed in the NA area and CP area. In contrast, the increment of Sw was
generally larger in the west and smaller in the east. The largest increment of Sw was mainly
in the NA region, while the smallest increment was mainly in the CP region.

According to the statistical values of Sw and Lw for the five land types from 2000
to 2015 in Figure 6, the highest values of Lw were mainly located in the OU, UE and CP
areas, with the maximum value of multi-year average of 804.3 w/m2, while the lowest
values of Lw were located in the UC and NA areas, which are 278.7 w/m2 and 188.3 w/m2

respectively. The results of Sw showed that the multi-year average of the UC area was
the highest (137.0 w/m2), followed by the NA, CP, OU and UE, which were 135.0 w/m2,
127.0 w/m2,122.0 w/m2 and 121.0 w/m2, respectively.
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3.1.2. Net Radiation Change

Net radiation is an important index of regional energy absorption [10], and is a key
physical and ecological parameter that affects the process of land-atmosphere energy
exchange and redistribution. Using the results of Lw and Sw data, the change of net
radiation (Rn) was inferred. From 2000 to 2015, the average surface radiation in the
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influence area of the YRB was 664.2 w/m2, and the multiyear average was 1.6 w/(m2 year).
Figure 7 shows that the Rn values in the east increased, while those in the west decreased.
In addition, the Rn in 2015 was higher than that in 2000, and there was an increasing trend
on the whole, although the increase was not significant (Figure 8).
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Figure 8. Net radiation (Rn) trend of different land use types in the influence area of the YRB from 2000 to 2015.

The changing trend of Rn under different land use types showed that there are sig-
nificant differences among the five land use types. The highest values of Rn were con-
centrated in the OU and UE areas, and the multi-year average values were 878.4 w/m2

and 913.1 w/m2, respectively, which were much higher than those of CP, NA and UC.
The multi-year average value of NA was the lowest (323.7 w/m2). As OU and UE are
strongly affected by human intervention, this indicates that these values will increase with
the increase in human LUCC.
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3.2. Analysis of Surface Energy Balance
3.2.1. Changes in Surface Energy Consumption

It can be seen from Figure 9 that from 2000 to 2015, the LE in YRB influence area
showed a positive change. Under the influence of human activities, there were significant
differences in the range of LE values corresponding to land use types. In terms of spatial
distribution, LE values were higher in the northern region, with the highest multi-year
mean value among the five land types being NA with a value of 94.8 w/m2, followed by
UC, CP, UE and OU with 52.6 w/m2, 35.3 w/m2, 26.3 w/m2 and 9.9 w/m2, respectively.
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Figure 10 shows the trend of LE under different land use types in the YRB from
2000 to 2015. The multi-year LE value was 43.8 w/m2, and the multi-year LE trend was
0.33 w/(m2·year). For OU and UE, the trend of LE were smaller, less than 0.1 w/(m2·year),
while those of CP, NA and UC were all greater than 0.1. The LE values of OU and UE,
which were greatly affected by human intervention, are always smaller than those of other
land use types, which indicated that LE decreased with the increase of human activities.
Furthermore, it is worth noting that the growth trend of LE in OU and UE was much slower
than that in UC, CP and NA, which indicated that human activities had a negative impact
on the value and trend of LE.
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3.2.2. Comparison of Net Radiation and Latent Heat Fluxes

By comparison, it can be seen intuitively that the spatial distribution of LE − Rn is
different from that of LE. As shown in Figure 11, the values of LE − Rn in most parts of the
east were almost negative, while those in other parts were mainly positive. The high value
area was mainly located in the northwest, with a multi-year average of −617.5 w/m2. The
order of the multi-year average value of five land types from high to low was NA > UC
> CP > OU > UE. Figure 12 indicates that the values of LE − Rn from 2000 to 2015 under
five land types all showed a downward trend, and the multi-year trend value of LE − Rn
was −1.2 w/(m2·year), indicating that the feedback effect of land use change on regional
warming was enhanced.
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To further clarify the influence of LE and Rn on LE − Rn, we compared their relation-
ships. The correlation between Rn and LE − Rn, in all five land types during the study
period was greater than that between LE and LE − Rn (Figure 13). The correlation between
LE − Rn and Rn was greater in the OU and UE areas than that in the CP, UC, and NA
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regions. In contrast, the regions with greater correlation between LE − Rn and LE were
distributed in the OU and UC regions, followed by the NA, UE, and CP regions.
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As far as the forcing balance is concerned, LE − Rn under different land use types was
more sensitive to changes of Rn, and this relationship was more obvious in the areas more
affected by human activities (OU and UE). Therefore, the importance of factors such as
energy uptake caused by biogeophysical factors for warming or cooling effects cannot be
ignored when considering the results of LUCC-induced energy uptake and expenditure
forcing balance. In other words, adjusting the net radiation coefficient may have a more
significant effort on changing the balance of energy intake and expenditure in the influence
area of the YRB.

4. Discussion

Since the 20th century, land use patterns in YRB in China have undergone tremendous
changes with the acceleration of economic development and urbanization. Besides natural
and semi-natural land use, the most obvious land use change in the study area was the
transformation from agricultural land into urban land. Because of the different vegetation
growth conditions among different land use types, the differences between land use
types are reflected in biophysical parameters such as albedo, resulting in different energy
balance effects [10]. When exploring the climate effects of land use change from the
perspective of radiation force, it is important to consider not only the radiation force
corresponding to albedo, but also the radiation force corresponding to the ground and
atmosphere [19], because the radiation force considering albedo only includes shortwave
radiation, which has a limited influence on the overall energy balance and the parameter
changes in the mechanism for regulating local energy [10]. The results of the study show
that the shortwave pattern of change is not obvious in the five land-use types, but the
increasing intensity of human activity, after the superimposition of long-wave radiation,
shows a clear pattern of change of Rn for each land-use type. Especially, areas with intensive
human activities (OU and UE) showed much higher values than other areas.

On the basis of the changes in land use types and surface temperature in the YRB
influence area from 2000 to 2015, it can be concluded that the land use types in this area
with the high to low average multi-year temperature (LST) were in the order: OU > UE >
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CP > NA > UC (Figure 14). Areas that are more affected by human activities had higher
temperatures, while lower temperatures were found in natural and semi-natural areas with
less human activities. From 2000 to 2015, with the increasing feedback effect of land use
change on regional warming, there were also a large number of small areas with a low
temperature in the influnence area of the YRB, such as UC areas (Figure 14), which was
conducive to controlling the rapid surface temperature increase.
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Figure 14. The trend of land surface temperature (LST) of different land use types in the influence
area of the YRB from 2000 to 2015.

Our results further reveal that LE − Rn is more sensitive to Rn than to LE in the
influence area of the YRB, which means thst the energy regulation of Rn is greater than
that of LE in this area. In this paper, we explored the relationship between energy and
temperature by comparing the correlation between LST and Rn, LE and LE − Rn (see
Figure 15).
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Among the five land types, the relationship between LST and LE − Rn was negative,
and the relationship with Rn was positive. Generally speaking, the relationship between
LST and LE − Rn was closer, followed by Rn and LE, but this relationship did not passed
the significance test (p = 0.1). It is worth noting that the relationship between LST and
Rn was more significant in the OU, UE, and CP regions, which indicated that Rn had a
more obvious regulatory effect on LST in areas with intensive human activities, while in
the natural NA region, this relationship was relatively weak.

Therefore, when analyzing the urban heat island effect, the impact of LE and Rn on LST
or various types of land use cannot be ignored. For different types of land use, the spatial
scale and scope of the study area may lead to different results. In addition, the impact
of urban heat islands is far greater than the impact of urban physical boundaries [38,39].
That is to say, when analyzing the spatial difference of urban thermal environments, the
setting of boundary range and land use type will not only affect the intensity of heat island,
but also the corresponding LST changes within it.

5. Conclusions

According to the different levels of human influences, the land use types in the
influence area of the YRB were divided into five categories: old urban areas, cultivated
lands, natural and semi-natural areas, urban expansion areas and mixed pixel areas. The
differences of Rn and LE corresponding to different land use types and changes from 2000
to 2015 were analyzed. On the basis of the difference between LE and Rn, the change scale
of warming and cooling was measured, and the differences in the relationship between
LST and energy consumption in the different subsurface was explored. The conclusions
are as follows:

From 2000 to 2015, under the influence of different intensities of human activity
and natural resilience, the energy budget of different land use types showed significant
differences. The Rn values in OU and UE areas were much higher than those in CP, NA
and UC. The change trend of LE under the five land use types was ranked as UC > CP >
NA > UE > OU. The LE values in OU and UE areas which were greatly affected by human
intervention were always smaller than those in other land use types, and the rising trend
of LE in OU and UE was much slower than that in UC, CP and NA.

The LE − Rn in different types of underlying surface showed a decreasing trend,
and the change trends in OU, UE, CP and NA areas were smaller than that in UC areas.
The LE − Rn values decreased with the increase of human impact intensity under the five
land use types, indicating that human activities weakened the positive trend of LE − Rn
and increased the warming effect. In addition, the main energy regulating factors of LST
were different in different land use types. With the increase of human activity intensity
related to land use, the warming/cooling effect of LE − Rn was gradually enhanced.

This study reveals the obvious differences in the energy budget under the impact of
human activities. This could help to understand how to formulating a sustainable land
management strategy to reduce the degradation of mountain forests, the rapid reduction
of agricultural land area and uncontrolled urban development, which would help protect
mountain forests and reduce local warming in low-altitude mountainous areas by main-
taining land vegetation [40,41]. In addition, in the process of urban planning and design,
urban vegetation or water can be used to regulate evaporation, thus reducing the urban
heat island effect. Meanwhile, the adjustment of Rn may have a more obvious effect on
reducing the heat island effect [21].

In this study, we explained the difference of surface temperature under different LUCC
from the perspective of energy budget, which has reference value for discussing climate
change trend and urban heat island effect from the perspective of biogeography. At present,
the data and method on which this study based are obtained at a large regional scale, so it
is necessary to carry out quantitative research on the mechanism process on a finer regional
scale, which will have more concrete practical value for future urban planning.
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