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Medway, United Kingdom, “Department of Atmospheric Sciences, Texas A&M University, College Station,
TX, United States, “Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei, China

Anthropogenic heat release is the release of heat generated by anthropogenic
energy consumption. The regional mean Anthropogenic heat release flux in
Southwest China grew quickly from 0.06 Wm™= in 1992 to a peak of 0.37 Wm™2
in 2019. This study examines the climatic effects and feedbacks of Anthropogenic
heat release due to energy consumption in Southwest China during the boreal
summer using simulations from the Community Earth System Model. The
modeling results show that Anthropogenic heat release impacts on the lower-
troposphere stability and affects large-scale atmospheric circulation in Southwest
China, which transports more water vapor and consequently increases the
humidity and low cloud cover in Southwest China. This effect impacts the
energy balance at the surface by reducing the amount of incoming shortwave
radiation that reaches the ground. Anthropogenic heat release decreases the
average 2-m air temperature in Southwest China by 0.10 + 0.01 K (1o uncertainty)
and also decreases the minimum and maximum air temperatures in Southwest
China as well. Anthropogenic heat release contributes to cooler and wetter
summers in Southwest China. The results show that Anthropogenic heat
release is a non-negligible factor that impacts the climate of Southwest China.
This study improves our understanding of the climate change resulting from
human activities in Southwest China.

KEYWORDS

anthropogenic heat release, atmospheric circulation, energy balance, cooler and wetter
summer, Southwest China

1 Introduction

Human activity has been considered as the predominant contributor to global
warming over the past 100 years (IPCC, 2021). Large amounts of fossil fuels are
consumed in human activities, which leads to more greenhouse gases and aerosols
being released into the atmosphere. The greenhouse gas CO, has been the main cause of
global warming over the past 100 years (IPCC, 2021). Human activities have changed the
composition of the atmosphere and the land use and coverage, further impacting on the
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energy balance of the Earth-atmosphere system. The energy
balance of the Earth-atmosphere system is the predominant
2005).

and

factor in global climate change (Hansen et al,

Anthropogenic forcing, such as greenhouse gases

increase the occurrence of extreme climate
2013; 2018).
Anthropogenic heat release (AHR), which is an external

urbanization,
events (Peterson et al, Zhao et al,
energy source within the Earth-atmosphere system, directly
impacts the energy balance of the Earth’s surface due to global
energy consumption (Forster et al, 2007). With rapid global
urbanization, more energy will be consumed as urban
populations increase, and the effects of AHR on regional
urban climates will be enhanced (IPCC, 2007). Previous
research shows that AHR can impact regional and large-scale
atmospheric circulations (Zhang et al,, 2013; Chen et al., 2014;
Chen et al., 2016) and further affect the global surface energy
balance (Chen et al., 2019).

Southwest China (SWC) is a large region that includes
Sichuan Province (SC), (GZ), Yunnan
Province (YN), and Chongqing City (CQ), and it occupies
approximately 13% of the total area of China. The topography
of SWC is very complex, including the Sichuan Basin and the

Guizhou Province

Yunnan-Guizhou Plateau. SWC has a subtropical monsoon
climate with hot and rainy summers and mild winters with
little precipitation. Due to the geographical location and
altitude variations, the climate in SWC varies, with significant
differences in temperature and precipitation. SWC is a populated
and agriculturally developed region, and urbanization has
increased rapidly in recent years. Additionally, extreme
climate events, such as extreme drought and rainfall appear
more frequent in SWC under global climate warming (Zhai
et al., 2005; Chen and Zhai, 2013; Ma et al., 2013; Chen and
Sun, 2015). Previous research found an increasing risk of extreme
wet events and dry events in SWC (Liu et al., 2014), which is
strongly correlated with the abnormal transport of water vapor
(Zhangetal., 2011; Li et al., 2014). Previous studies have focused
on natural factors, such as sea surface temperature (SST) and
atmospheric circulation (Chen et al., 2009; Liu et al., 2009; Lu
etal,2011), as well as anthropogenic factors, such as aerosols and
urbanization (Fan et al., 2015; Chen and Frauenfeld, 2016). The
rapid pace of urbanization in China in recent decades includes
increased development in SWC. This intense urbanization has
had an increasingly significant impact on the climate of SWC and
is an important factor that cannot be ignored. Previous studies
have found that the heating effect driven by AHR has an
important influence on local urban climates and may impact
local circulation, extreme high temperatures, and heavy rainfall
(Zaksek and Ostir, 2012; Wang et al., 2015; Zhong et al., 2017).
The uneven heating effects due to AHR will become more
pronounced in the future due to increases in GHG emissions
and urbanization related to future socioeconomic scenarios
(Gridden et al., 2019; IPCC, 2021). AHR is an important
factor for urban climate, and it is also an important aspect of
urbanization. The possible climatic effects and influence
mechanism of AHR due to global energy consumption in
SWC have not yet attracted sufficient research attention. In
this study, the climatic effects and physical feedbacks of AHR
due to global energy consumption during the boreal summer in
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FIGURE 1

The mean flux of AHR in Southwest China from 1992 to
2020 with the trend fitting line (unit: W m™2), and the slope value k =
0.013.

SWC are examined with the Community Earth System Model
version 1.0 (CESM1).

2 Data, method and model experiments

2.1 The distribution of AHR in southwest
China

Based on energy consumption statistics (http://www.stats.gov.
cn/tjsj/ndsj/) from the National Bureau of Statistics of China
(NBSC), the regional mean AHR flux in SWC from 1992 to
2020 and the annual mean distributions of the AHR flux in SWC
from 1992 to 2013 are shown in Figure 1. According to the NBSC,
the economy, population and energy consumption of SWC
increased sharply between 1992 and 2020. As shown in Figure 1,
the regional mean AHR flux in SWC grew quickly from 0.06 W m™
in 1992 to a maximum of 0.37 Wm™ in 2019 before decreasing in
2020 due to the COVID-19 pandemic.

The energy consumption statistics from the NBSC and
National Oceanic and Atmospheric Administration (NOAA)
Defense Meteorological Satellite Program (DMSP) Operational
Linescan System (OLS) data (http://ngdc.noaa.gov/eog/dmsp/
downloadV4composites.html) from 1992 to 2013 are applied
in this study to derive the distribution of the AHR flux in
SWC, as described in Chen et al. (2014). The AHR flux
depends on the correlation between the DMSP/OLS data and
energy consumption (Chen et al., 2012), and the errors in the
results obtained using the DMSP/OLS data are generally within
12% (Chen et al., 2015). This approach has been proven to be
useful for estimating the ARH distribution. The AHR
distributions in SWC are shown in Figure 2, where the AHR
distribution is closely related to the degree of regional
development. Regions with high AHR fluxes are located in
large cities, such as Chengdu, Chongqing, Kunming and
Guiyang, where the AHR fluxes exceed 10 Wm™. The changes
in AHR from 1992 to 2013, shown in Figure 2, demonstrate that
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FIGURE 2

The distribution of AHR in southwest China (unit: W m2, resolution: 0.1°x 0.1°): (A) in the year 1992; (B) in the year 2000; (C) in the year 2005; (D) in

the year 2013.

the climate effects of AHR are strongly correlated with economic
and urban development in SWC. From Figure 2, we see that the
effect of AHR becomes increasingly severe in conjunction with
economic and urban development in SWC. This finding indicates
that the climatic effects of AHR should not be ignored when
considering climate change in SWC.

2.2 Data and model experiments

AHR has non-negligible regional to global scale climatic
effects (Zhang et al., 2013; Chen et al., 2016; Chen et al,
2019), which cannot be fully simulated in a regional model
due to its boundary limitation. Therefore, a global climate
model, the Community Earth System Model (CESM) version
1.0.6 (CESM1.0.6, http://www.cesm.ucar.edu/models/cesm1.0/),
was adopted in this study. Here, global AHR was taken as the
sensible heat by adding the excessive vertical flux convergence in
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the boundary layer near the surface (Zheng et al., 2013; Chen
etal., 2019). The CESM1.0.6 model was run using the component
set F_AMIP_CAMS5 (http://www.cesm.ucar.edu/models/cesm1.
0/cesm/cesm_doc_1 _0_4/x42. html#ccsm_ component_sets). A
coupled land-atmosphere mode with prescribed monthly sea
surface temperature and sea ice coverage (Hurrell et al., 2008)
was  configured following the  Atmospheric  Model
Intercomparison Project (AMIP) protocols (Gates, 1992). The
Community Land Model version 4 (CLM4) (Oleson et al., 2010)
was coupled with CAM5 to represent the evolution of land
surface boundary conditions, except that the anthropogenic
heat module in CLM4 was turned off. Historical greenhouse
gas concentrations, anthropogenic aerosol and precursor gas
emissions were specified following Kay et al. (2015). Two sets
of experiments are performed: one set of experiments considers
AHR in the surface energy balance within the model, while the
other set of experiments does not consider AHR. Each set of
experiments includes five ensemble simulations to account for

frontiersin.org
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FIGURE 3

The 2-m air mean temperature (T, results for southwest China from 1992 to 2013 in the boreal summer (JJA): (A) control modeling results without

AHR; (B) modeling results with AHR; (C) CRU data results (unit: “C).
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FIGURE 4

The 2-m air minimum temperature (Tn) results for southwest China from 1992 to 2013 in the boreal summer (JJA): (A) control modeling results
without AHR; (B) modeling results with AHR; (C) CRU data results (unit: °C).

the internal variability by perturbing the initial air temperature as
done by Kay et al. (2015). The horizontal resolution is 0.9° x 1.
25 with 30 vertical levels, and the time step is 30 min.

The Climate Research Unit (CRU) gridded Time Series version
3.10 (TS3.10) dataset from monthly observations at meteorological
stations is applied in this study to verify the reliability of
the modeling results. Climate anomalies were interpolated
into 0.5* 0.5 grid cells over all land areas worldwide (excluding
Antarctica). of the
dataset include mean temperature, minimum and maximum

The monthly climatological variables

temperatures, precipitation total, vapor pressure and cloud

Frontiers in Earth Science

cover (Harris et al., 2014). Previous research has used the
CRU grid dataset to study the climate and factors of
temperature, evaporation in different
regions of China, and the results prove that the CRU grid
dataset has high reliability in revealing the characteristics of
climate change (Zhang et al, 2018). To evaluate the ability

precipitation and

of CESM1 to simulate the mean horizontal wind, monthly
variables from the fifth generation European Center for
Medium Weather Forecasting (ECMWF) atmospheric reanalysis
of the global climate (ERA5) are also utilized. They cover a span
of from 1992 to 2013 with a 0.25* 0.25 horizontal resolution.
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The 2-m air maximum temperature (Tay) results for southwest China from 1992 to 2013 in the boreal summer (JJA): (A) control modeling results

without AHR; (B) modeling results with AHR; (C) CRU data results (unit: “C).

3 Modeling results analysis

The climatic effects and feedbacks of AHR due to energy
consumption in the boreal summer (June-July-August, JJA) in
SWC are analyzed with CESMI1 in this study. The modeling
results for the summer 2-m air mean temperature (T,,,), average
minimum 2-m air temperature (T,,;,,) and average maximum 2-m
air temperature (Tp,,x) in SWC from 1992 to 2013 are reliable based
on their comparison with Climatic Research Unit (CRU) data (as
shown in Figures 3-5). The impacts of AHR on 2-m air
temperatures in the summer in SWC are shown in Figure 6.

The modeling results show that AHR generally decreases the
temperature in SWC during boreal summer. AHR decreases the
average T,,, in SWC by 0.10 £ 0.01 K (10 uncertainty), average
Tmax by 0.12 + 0.02K (1o uncertainty), and average T,,;, by
0.07 £ 0.01 K (1o uncertainty). In Figure 6, the T,,, obviously
decreases in western GZ and eastern and southern YN. Overall,
Tmin decreases in GZ, while T,,,, decreases significantly in
central SC, western GZ and southern YN. The possible
physical mechanisms for the decreasing temperatures in SWC
as a result of AHR are discussed below.

The modeling results for the mean horizontal wind (U, V) at
500 hPa from 1992 to 2013 are reliable based on their comparison
with ERA5 data (as shown in Figure 7). The effects on the horizontal
winds at 500 hPa due to AHR in the boreal summer (JJA) from
1992 to 2013 are shown in Figure 8. These results show that AHR
can affect large-scale atmospheric circulation, as AHR can have a
significant effect on the atmospheric vertical movement (Chen et al.,
2019) due to its uneven heating effect, which can further impact
large-scale atmospheric circulation. We examine the effects of AHR
on the Asian summer monsoon (ASM). Webster and Yang (1992)
defined an ASM index based on the vertical shear of the
June-August (JJA) 850- and 200-hPa zonal winds averaged over
0°-20°N, 40-110°E, which is known as the Webster-Yang index
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(WYI) (Webster and Yang, 1992). The WYI depicts the thermally
driven nature of the monsoon and has been widely used in both
ASM research and operational prediction of the ASM. Figure 9
shows the effects of AHR on the WYT from 1992 to 2013. The results
in Figure 9 show that the WYI is enhanced due to the heating effect
of AHR. Previous research showed that AHR can impact on the
thermal and dynamic feedback on atmospheric circulation and
affect global surface temperature (Zhang et al., 2013; Chen et al,,
2014; Chen et al,, 2019). The possible mechanism for the impact of
AHR on the ASM is that AHR, resulting from global energy
consumption, can affect the land-sea surface temperature
gradient, which can further impact the Asian summer monsoon.
The possible mechanism underlying the climate impact of AHR in
SWC, as shown in Figure 10, is explored in this study. Figure 10A
shows the impact of AHR on the relative humidity (RH) in SWC. RH
increases in most regions of SWC, most obviously in northern
Sichuan and southern Yunnan, while RH decreases in Guizhou
and Chongqing. As shown by the results in Figures 8, 9, the large-
scale atmospheric circulation is affected by AHR, which will bring
more water vapor into SWC during boreal summer. The lower-
troposphere stability (LTS) is defined as the difference between the
potential temperature of the free troposphere (700 hPa) and the
surface (LTS = 6,90—0y), which is strongly correlated with the low
cloud fraction (Wood and Bretherton, 2006) and further affects the
energy balance at the surface (Boucher et al., 2013). Figure 10B shows
the impact of AHR on the LTS in SWC. According to the modeling
results, LTS increases in most regions of SWC, with the greatest
increase occurring in Sichuan and Yunnan. Based on the relationship
between LTS and low clouds (Wood and Bretherton, 2006), the effect
of AHR on the low cloud fraction is shown in Figure 10C. The low
cloud fraction clearly increases in Sichuan, Yunnan and Guizhou. Low
clouds are essential for energy balance in the Earth-atmosphere
system (Boucher et al, 2013). The impact of AHR on the SWC
summer surface energy balance is analyzed. The net surface shortwave

frontiersin.org
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(solar) radiation flux during summer in SWC changes due to the
heating effect of AHR, as shown in Figure 10D. The regions where the
net shortwave radiation fluxes at the surface clearly decrease are
consistent with the regions where the low cloud fraction increases, as
shown in Figure 10C. These results suggest that AHR exerts dynamic
thermal impacts on the lower troposphere and affects the surface
energy balance in SWC. The results suggest a possible AHR feedback
mechanism in SWC during the summer. The AHR impacts the
thermal and dynamic feedbacks within large-scale atmospheric
circulation, which will transport more water vapor to SWC. AHR
increases the LTS in SWC. Since the LTS strongly influences low
clouds (Wood and Bretherton, 2006), an increased LTS causes an
increase in the low cloud fraction, leading to less solar shortwave

10.3389/feart.2023.1077939

radiation reaching the surface in SWC. The decreased surface
further the
temperature. The results suggest a possible AHR feedback

shortwave radiation will decrease surface air

mechanism that contributes to cooler and wetter summers in SWC.

4 Discussion

Previous studies have found that the heating effect caused by AHR
has an important impact on the local urban climate. Compared with the
regional climatic effects on urban climate caused by AHR, the climate
effect and physical feedback of AHR due to the energy consumption in
SWC during the boreal summer, as addressed in this study, have not
received adequate research attention. Possible physical mechanisms and
climatic feedbacks are found in this study: AHR increases the sensible
heat near the surface, increases the turbulence and affects the energy
balance at the surface, which can impact the thermodynamic structure
of the atmosphere and the stability of the lower troposphere. This will
affect the low cloud fraction and solar shortwave radiation reaching the
surface and the temperatures in SWC, which will impact on the large-
scale atmospheric circulation further.

Considering the unique nature of the climatic effects caused by
AHR, analysis of these effects should not be restricted to regional scales.
Because of the boundary limitations of the regional models used in
AHR research, we used global simulations from the CESM. We ran two
sets of experiments with CESM1 to account for the internal variability.
However, this research is not without limitations. The anthropogenic
heat could be in the form of ground heat flux, sensible heat flux, or
longwave radiation, and the proper proportion among them for the
parameterization of AHR in climate models remains uncertain. In this
research, we consider AHR to be sensible heat in the climate model,
which is consistent with Zhang et al. (2013) and Chen et al. (2019).
However, possible modeling errors may exist.
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Effects of AHR on southwest China in the boreal summer (JJA) from 1992 to 2013: (A) relative humidity (unit: percent); (B) lower-troposphere
stability (LTS) (unit: K); (C) low clouds (unit: fraction); (D) the net solar radiation flux at the surface (unit: W m2). The plus signs in figure denote the change

is statistically significant at the 0.05 level.

5 Conclusion

This study examined the climatic effects and feedbacks of AHR due
to energy consumption in SWC during boreal summer using CESM1.
AHR decreases the average 2-m air temperature, as well as the
minimum and maximum air temperatures over SWC. The
modeling results show that AHR can impact large-scale atmospheric
circulation in SWC and the energy balance at the surface in SWC. The
modeling results suggest a possible AHR feedback mechanism in the

Frontiers in Earth Science

summer in SWC. AHR impacts the thermal and dynamic feedbacks
within large-scale atmospheric circulation, which will transport more
water vapor to SWC. AHR increases the LTS and the low cloud fraction,
leading to less solar shortwave radiation reaching the surface in SWC.
The decreased surface shortwave radiation further decreases the surface
air temperature as a result. The results suggest a possible feedback
mechanism that contributes to cooler and wetter summers in SWC due
to AHR. AHR is a non-negligible factor that impacts summer
temperatures in SWC.
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The energy balance in the Earth-atmosphere system is an essential
aspect of climate change. AHR is a direct and external energy source
that acts on the Earth-atmosphere system and impacts the energy
balance of the Earth’s surface. AHR impacts the large-scale atmospheric
circulation and transport of water vapor to SWC. These results suggest
that AHR is a non-negligible factor for climate change in SWC. AHR
acts as a potential impact factor for the extreme weather and climate in
SWC under future scenarios, which should receive more research focus.
This study improves our understanding of the possible physical
mechanisms by which human activities influence the climate in
SWC, and they should not be ignored in future research.
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