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Abstract The frequency, intensity, and duration of extreme heatwaves are projected to increase in the
global context of climate change. However, evidence of how anthropogenic emissions respond to heatwaves and
further impact air quality remains elusive. Here, we use satellite remote sensing measurements alongside
chemical transport model simulations to reveal abrupt variations in primary and secondary air pollutants
introduced by extreme heatwaves. We highlight evidence from China and India, where satellite sulfur dioxide
(SO2) and nitrogen dioxide (NO2) columns over thermal power plants enhance consistently responding to
heatwaves. We attribute such spiked emissions to soaring electricity use and demonstrate that bottom‐up
inventories underestimate the emissions from the power sector by 34.9% for the selected case. Elevated
emissions facilitate fine particulate matter (PM2.5) and ozone (O3) formation over thermal power plants in an
inhomogeneous manner, due to the combined effect of atmospheric oxidizing capacity, thermal decomposition
of peroxyacetyl nitrate, planetary boundary layer rise, and air stagnation. Our results underscore the emerging
challenge of pollution control attributable to the increasing climate penalty and the necessity of targeted control
strategies and alternative energy sources during heatwaves.

Plain Language Summary Heatwaves are associated with high ambient temperatures and adverse
health outcomes, but how anthropogenic emissions of atmospheric pollutants respond to heatwaves remains less
explored. Here, we provide evidence from space for the first time that sulfur dioxide (SO2) and nitrogen dioxide
(NO2) over thermal power plants enhance consistently responding to heatwaves. We attribute such spiked
emissions to soaring electricity use, a feedback previously overlooked by state‐of‐the‐art emission inventories.
The enhanced emissions increase levels of fine particulate matter (PM2.5) and surface ozone (O3) in an
inhomogeneous manner during heatwaves due to the combined effect of chemistry and meteorology.

1. Introduction
The increase in global surface temperature under a warmer climate is followed by a rise in frequency, intensity,
and duration of summer heatwaves (IPCC, 2021). The influences of extreme heatwaves include excess mortality
(Mazdiyasni et al., 2017; Yang et al., 2021), agricultural loss (Brás et al., 2021), and air quality degradation.
Previous studies have suggested that heatwaves associated with stagnant meteorological conditions exacerbate
urban air quality by accumulating secondary pollutants such as fine particulate matter (PM2.5) and ozone (O3)
(Pyrgou et al., 2018; Schnell & Prather, 2017; Tressol et al., 2008). The synoptic meteorological pattern addi-
tionally triggers multiple feedback, including accelerated photochemical reactions (Lei et al., 2022), enhanced
biogenic emissions (Churkina et al., 2017; Ma et al., 2019), reduced dry deposition by vegetation (Lin
et al., 2020), and increased likelihood of wildfire risk (Libonati et al., 2022).

Aside from natural interactions, extreme heatwaves commonly introduce soaring electricity demand from resi-
dential cooling and agricultural irrigation (Auffhammer et al., 2017; Salamanca et al., 2013). In turn, the spiked
generation of thermal power is accompanied by surged demand for fossil fuels and emissions of air pollution
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precursors. Sulfur dioxide (SO2) and nitrogen oxides (NOx = NO2 + NO) are important primary production
pollutants arising mainly from fossil fuel combustions. Human exposure to SO2 and NOx are associated with
adverse health outcomes such as respiratory infections and asthma symptoms (Achakulwisut et al., 2019;
Kobayashi et al., 2020; Pannullo et al., 2017). In addition, SO2 and NOx are precursors to secondary PM2.5 and O3,
which are recognized as threat to human health (Day et al., 2017; Xing et al., 2016) and as short‐lived climate
pollutants contributing to climate change (Seinfeld & Pandis, 2016). Past studies relying on ground‐based data
have noticed that SO2 and NOx emissions from thermal power plants in the United States correlate linearly with
air temperature during heatwaves and consequently increase PM2.5 and O3 levels (Abel et al., 2017; Farkas
et al., 2015; He et al., 2013).

When sparse ground‐based observations are unavailable, and uncertain bottom‐up emission data are outdated,
near real‐time measurements from space‐based platforms represent an attractive means of monitoring atmo-
spheric pollutant abundances. Global SO2 and NO2 measurements have been stably provided by the Ozone
Monitoring Instrument (OMI) satellite sensor since 2005 and widely used to monitor variations in fossil fuel
consumption (Krotkov et al., 2016; F. Liu et al., 2020; van der A et al., 2017). Compared to its predecessor OMI,
the TROPOspheric Monitoring Instrument (TROPOMI) spectrometer with a finer spatial resolution (up to
5.6 km × 3.6 km) and a higher instrument sensitivity has revolutionized our capability in monitoring emissions
from point sources including thermal power plants (Cooper et al., 2022; Fioletov et al., 2020; Goldberg
et al., 2019; S. Liu et al., 2021; Levelt et al., 2022).

In this study, we focus on anthropogenic emission enhancements from fossil fuel combustion responding to
heatwaves and their impacts on air quality. We begin by employing OMI and TROPOMI satellite measurements
to monitor SO2 and NO2 variations over thermal power plants during heatwaves. We next apply a regional
Weather Research and Forecasting model coupled with Chemistry (WRF‐Chem) chemical transport model to
disentangle meteorological impact on the observed changes, from which we quantify enhancements in anthro-
pogenic emissions in the power sector. On the basis of the satellite‐constrained emissions, we conclude by
quantifying sensitivities of PM2.5 and O3 production to growths in precursor emissions during heatwaves. Our
results, for the first time, reveal the abrupt heatwave‐related increases of power plant emissions using satellite
observations and highlight the unperceived roles of heatwaves on the formation of secondary air pollutants.

2. Materials and Methods
2.1. Satellite SO2 and NO2 Observations

We use total SO2 and tropospheric NO2 columns from OMI and TROPOMI. The OMI instrument, launched in
2004, is an ultraviolet‐visible push‐broom imaging spectrometer on board the US National Aeronautics and Space
Administration (NASA) Aura satellite. TROPOMI is the single payload of the European Space Agency (ESA)
Sentinel‐5 Precursor satellite launched in 2017, covering wavelength bands between the ultraviolet and the
shortwave infrared. Both sensors provide nearly daily global observations with an overpass time of 13:30 local
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Table 1
Observed Changes in SO2 and NO2 Columns Over Coal‐Fired Power Plants for the 2019 Indian Heatwave and the
Anthropogenic and Meteorological Contributions

(a) Observed change SO2 44.3 (±8.2)%

NO2 23.7 (±7.1)%

(b) Reported change from annual trend SO2 4.1% (Qu et al., 2019)

NO2 2.9% (Miyazaki et al., 2017)

(c) Change contributed by meteorology and chemical feedbacks SO2 18.2 (±4.7)%

NO2 13.2 (±5.2)%

(d) Change contributed by anthropogenic emissions 34.9%

Note. (a) TROPOMI satellite measurements averaged over thermal power plants with installed capacity greater than
1,000 MW. (b) long‐term annual trends for thermal power plants from literature. (c) meteorological effects quantified using
numerical simulations with the same anthropogenic emissions. (d) emission changes in the power sector constrained by
reproducing emission impacts on the observed SO2 column changes via perturbation simulations. Values in parathesis are
standard errors of the means accounting for the number of days with valid data.
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time. The ground pixel sizes are approximately 13 km × 24 km (along‐track × cross‐track) for OMI and
7.2 km × 3.6 km for TROPOMI (5.6 km × 3.6 km after August 2019).

We use Level 2 data of the NASA OMI V003 standard products and the ESA TROPOMI operational products
(RPRO v1 for 2019 and v2 for 2022) with details summarized in Table S1 in Supporting Information S1. We
remove OMI measurements with large cloud fractions and pixels affected by row anomalies. We use the quality
assurance values (qa_value > 0.75) to select TROPOMI pixels, which correspond to data with mostly clear‐sky
and data meeting quality criteria (Theys et al., 2017; van Geffen et al., 2021). For SO2, we additionally eliminate
edge pixels from the orbital swath due to the increased noise. OMI and TROPOMI NO2 data are regridded to
resolutions of 0.25° × 0.25° and 0.1° × 0.1°, respectively, based on an area‐weighted tessellation. An extended
area of 0.4° × 0.4° is adapted for SO2, considering its longer lifetime and higher noise than NO2, as recommended
by Levelt et al. (2022). We exclude power plants with limited anthropogenic emissions (mean SO2 or NO2
columns lower than 1 × 1015 molec. cm− 2) or with potential interferences from active fires (https://www.
earthdata.nasa.gov/firms) from the analysis. For time series analysis, we compute 7‐day running averages to
smooth out daily fluctuations in satellite columns due to retrieval noise, including the effects of clouds and
meteorology. See Text S1 in Supporting Information S1 for uncertainty discussions.

2.2. WRF‐Chem Model Simulations

We run the WRF‐Chem version 4.1 (Grell et al., 2005) chemical transport model to simulate air pollutant con-
centrations for the selected 2019 case, as summarized in Table S2 in Supporting Information S1. The meteo-
rological initial and boundary conditions are from the National Centers for Environmental Prediction (NCEP)
Final (FNL) operational global analysis with a temporal resolution of 6 hr and a spatial resolution of 0.25° × 0.25°
(https://rda.ucar.edu/datasets/ds083.3). The chemical initial and boundary conditions are from the Community
Atmosphere Model with Chemistry (CAM‐chem) simulation outputs at a 0.9° × 1.25° horizontal resolution
(Buchholz et al., 2019).

Anthropogenic emissions are from the Emissions Database for Global Atmospheric Research‐Hemispheric
Transport of Air Pollution inventory (Janssens‐Maenhout et al., 2015) for the year of 2010 at the 0.1° × 0.1°
resolution. Biogenic emissions are calculated online using the Model of Emissions of Gases and Aerosols from
Nature framework (Guenther et al., 2012). Fire emissions are from Fire INventory from NCAR (FINN) version
1.5 (Wiedinmyer et al., 2011). We select the CBMZ chemical mechanism (Zaveri & Peters, 1999) for gas‐phase
chemistry and the MOSAIC aerosol scheme configured with 4 sectional aerosol bins (Zaveri et al., 2008). For the
simulation period (30 May–15 June), we use a spin‐up time of 72 hr and a temporal resolution of 1 hr.

The simulations adopt a modeling domain centered at 22.0°N, 82.5°E (Figure S1 in Supporting Information S1),
including 34 vertical layers extending from the surface to 50 hPa at a grid resolution of 10 km × 10 km. For SO2
and NO2 analysis, we apply the satellite averaging kernels to the modeled vertical profiles to remove errors
resulting from a priori profile assumptions (Eskes & Boersma, 2003), and we sample the model outputs in space
and time to the valid satellite grids. To consider the influences of year‐to‐year fire emissions on our PM2.5 and O3
analysis, two perturbation tests are achieved by employing 2018 fire emissions on 2019 simulation and vice versa
(not shown). From that, cities affected by fires, mainly located in eastern India, are excluded from the analysis.
See Text S2 in Supporting Information S1 for model evaluation and uncertainty discussions.

2.3. Emission Inversion

While emission constraints with inverse modeling such as the adjoint‐based approach and variety of mass balance
methods are potentially influenced by observational uncertainties or simplified assumptions (Cooper et al., 2017),
we instead use a perturbation simulation approach with full treatment of chemistry and transport following Sun
et al. (2021). Following an approximately linear response of columns to emission changes, we conduct an array of
WRF‐Chem perturbation simulations to reproduce the emission impacts on the observed changes in SO2 columns.
Due to the use of relative differences in describing emission impacts and observed changes, the method is less
sensitive to absolute values of a priori emission inventories or model uncertainties. Here, we select SO2 as the
emission indicator because of its lower contamination from other sources, such as transportation (2.5% in
comparison with 37.1% for NO2; M. Li et al., 2017).
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2.4. Power Plant and City Database

Information on Chinese thermal power plants for the year 2006 is from https://www.carbon‐brief.org. The
location and generation capacity information of Indian thermal power plants are provided by theWorld Resources
Institute (https://datasets.wri.org) and adjusted for year‐to‐year evolutions based on information from the Global
Energy Monitor (https://globalenergymonitor.org). The location and population of Indian cities are listed at the
GeoNames geographical database (https://www.geonames.org).

3. Results and Discussion
3.1. Elevated SO2 and NO2 Levels Probed From Space

Figures 1 and 2 examine the total SO2 columns and tropospheric NO2 columns during extreme heatwaves, where
the TROPOMI and OMI satellite instruments observe consistent enhancements over regions with intensive coal‐
based power plants. Events are shown for the 2022 early and prolonged spring heatwave in India and three record‐

Figure 1. Satellite‐observed enhancements in SO2 columns during heatwaves. Results are shown for the heatwaves in 2022 (15March–26March, India), 2019 (30May–
15 June, India), and 2006 (01 August–31 August, China). Heatwave severity in panel (a) is measured as the 2‐m daily maximum temperature anomalies relative to the
1981–2000 climatology, based on ERA5 reanalysis data (https://cds.climate.copernicus.eu). Black boxes in panel (a) show the geographic regions used in panels (b, c)
with intensive power plant clusters. Total SO2 columns observed by TROPOMI (2022 and 2019 events) and Ozone Monitoring Instrument (2006 event) are compared
for heatwave conditions (c) and the same periods in previous years (b). Triangles in panels (b, c) pinpoint the top largest thermal power plants. See Figure S2 in
Supporting Information S1 for difference maps.
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breaking summer heatwaves affecting densely populated regions of Asia (2019 in India, 2012 in India, and 2006
in China). Hereafter, an extreme heatwave is defined as a period of three or more consecutive days with daily
maximum temperature departure from climatology higher than 6.4°C (IMD, 2018; WMO & WHO, 2015).

Inspection of the mean columns over thermal power plants reveals 26.5%–83.8% enhancements for SO2 and
4.1%–23.7% for NO2 during heatwaves, in comparison with the same period in the previous year (Table S3 in
Supporting Information S1). Except for the 2022 spring heatwave, the reference periods in the previous years for
summer heatwaves show temperatures relatively close to the multi‐year climatology with average biases ranging
between − 0.66 ± 1.14°C and 0.41 ± 1.36°C (Figure S4 in Supporting Information S1). The reported column
enhancements exceed the long‐term annual growth owing to the overall economic development (by up to 4.1% for
SO2 and 2.9% for NO2; F. Liu et al., 2016; Miyazaki et al., 2017; Qu et al., 2019) and cannot be explained by
meteorological influences alone (see next section), highlighting potential emission spikes during heatwaves. Our
estimation possibly overestimates column variations for China, due to the typically higher electricity use and
attributable emissions from a thermal power plant in the afternoon (overpass time of OMI and TROPOMI).

Figure 2. Similar to Figure 1 but for tropospheric NO2 columns during heatwaves in 2022 (15 March–26 March, India), 2012 (23 May–02 June, India), and 2006 (01
August–31 August, China). Measurements provided by TROPOMI (2022 event) and Ozone Monitoring Instrument (2012 and 2006 events) are compared for heatwave
conditions (c) and the same periods in previous years (b). Circles in panels (b, c) show mega cities of Kolkata (22.57°N, 88.36°E, India), Chengdu (30.66°N, 104.07°E,
China), and Chongqing (29.44°N, 106.89°E, China). See Figure S3 in Supporting Information S1 for difference maps.

Earth's Future 10.1029/2023EF003937

LIU ET AL. 5 of 15

 23284277, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023E

F003937 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [12/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



However, for India with higher demand than supply for electricity, large power plants typically run at full capacity
throughout the day and do not show an apparent diurnal cycle in productivity and emissions (Ghude et al., 2020).
Differences between SO2 and NO2 results can be explained by the different species lifetime, data quality and
selection criteria, as well as contamination by other emission sources (Levelt et al., 2022). In the following, we
focus on the 2019 Indian heatwave, one of the most severe heatwaves regarding the severity, spatial, and temporal
extent (Ray et al., 2021).

As coal source conventionally accounts for more than 70% of the total electricity production in India and China
(http://data.worldbank.org), we attribute the observed SO2 and NO2 enhancements primarily to the rising elec-
tricity demand borne by coal combustion. Figure 3 presents time‐series of surface temperature, thermal power
generation, as well as satellite SO2 and NO2 columns for TROPOMI grids containing coal‐fired power plants in
the presence and absence of heatwave. SO2 and NO2 divergences between 2019 and 2018 exhibit agreements with
the time‐line of reported power generation from coal source. On average, heatwave‐induced increase in power
generation (12.8%) simultaneously introduces growths in SO2 column (44.3%) and NO2 column (23.7%).

Although coal combustion contributes to more than 95% of total SO2 and NOx emissions over thermal power
plants (M. Li et al., 2018), the relationship between top‐down columns and bottom‐up emissions could be
complicated by variable meteorology and non‐linear chemical feedbacks. Figures 4 and S5 in Supporting In-
formation S1 show the NO2 variations captured by TROPOMI over top largest power plants during the 2019
Indian heatwave relative to the same period in 2018. TROPOMI clearly captures NO2 enhancement plumes
downwind from single or clusters of power plants responding to the extreme heatwave with potential influences
from topography (e.g., for power plant 1) and urban outflow (e.g., for power plant 2). TROPOMI NO2 variations
above individual power plants vary from − 27.1% to 46.1% (Table S4 in Supporting Information S1), depending
on both emission strengths and meteorological conditions.

Figure 3. Dynamics of SO2 and NO2 columns driven by temperature and power generation for the 2019 Indian heatwave compared to 2018. (a), ERA5 2‐m daily
maximum temperature across India for 2018, 2019, and climatology (1980–2000; green). Average temperatures during the heatwave period are given in parentheses.
(b), reported daily power generation from coal‐fired power plants (https://npp.gov.in). (c, d), averaged SO2 (0.25° × 0.25°) and NO2 (0.1° × 0.1°) columns within
TROPOMI grids for a total of 93 thermal power plants with installed capacity larger than 1,000 MW. Dots show daily averages, and solid lines in panels (c, d) represent
7‐day moving averages. Mean increases for daily values during heatwave are inserted in panels (b, c, d).
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3.2. Power Plant Emission Growths Responding to Heatwaves

To quantify meteorological impact on atmospheric chemistry and transport, we adopt the state‐of‐the‐art WRF‐
Chemmodel with consistent anthropogenic emissions but corresponding meteorological fields during heatwaves.
Heatwaves are typically under the control of a high‐pressure system with large‐scale subsidence, which results in
clear skies and calm winds (Wu et al., 2019). Such stagnant meteorological situations favor the accumulation of
air pollutants, particularly for locations with heterogeneous topography (Fioletov et al., 2022; Goldberg
et al., 2020). Meanwhile, the stagnation is typically accompanied by stronger chemical loss of NOx via nitric acid
within pollution plumes over the NOx‐saturated regime (Lorente et al., 2019), and the change in lifetime affects
the proportionality between NOx emissions and NO2 columns (Laughner & Cohen, 2019). At warm temperatures,
NOx lifetime is also affected by the thermal decomposition rate of peroxyacetyl nitrate, which becomes more
rapid as temperature increases (Singh, 2015) but saturates at extremely high temperatures (above 40°C; Steiner
et al. (2010)).

However, we find that the observed column growths (44.3% for SO2 and 23.7% for NO2 in Table 1a) are not
mainly driven by meteorology and chemical feedbacks (18.2% for SO2 and 13.2% for NO2 in Table 1c). Here, the
meteorological influences are likely dominated by wind fields, as other variables, such as temperature, boundary
layer height, and sun angle, mostly reduce air pollutant concentrations during heatwaves. Upon excluding the
meteorological influences and changes in chemical feedbacks (Table 1c) from the observed changes (Table 1a),
we estimate that impacts from emissions on columns are 26.1% for SO2 and 10.5% for NO2 during the extreme
heatwave. By simultaneously scaling up SO2 and NOx emissions in the power sector at a step of 10%,WRF‐Chem
reproduces the anthropogenic impact when applying an increase of 34.9% in emissions upon linear interpolation
(Figure 5), with SO2 as an emission indicator considering the low contamination from other sources.

Figure 4. Relative changes in TROPOMI NO2 columns over top power plants during the 2019 Indian heatwave relative to the same period in 2018. The power plant plots
with a 1° × 1° domain are sorted with the installed power generation capacity in descending order. A regridding resolution of 0.025° × 0.025° is used for illustration
purposes. Arrows show ERA5 10‐m wind vectors interpolated to TROPOMI overpass time (13:30 local time). Triangles indicate power plants, with numbers indicating
rankings in power generation capacity. See Table S4 in Supporting Information S1 for information about power plants.
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3.3. Impact of Spiked Power Plant Emissions on PM2.5 and O3
Formation

Our finding about spiked anthropogenic emissions during heatwaves raises
the interest in assessing their role in secondary pollutant formation. With
satellite‐constrained emissions, we perform WRF‐Chem sensitivity simula-
tions to examine responses of surface PM2.5 and O3 to the growths of SO2 and
NOx emissions in the presence and absence of heatwaves. Figure 6 compares
the daily PM2.5 and daily maximum 8 hr average (MDA8) O3 responses in
Indian cities under the 2019 heatwave condition and the 2018 business‐as‐
usual condition. In both cases, the power‐related SO2 and NOx emission
enhancements broadly increase PM2.5 and O3 levels by up to 5.5 μg m

− 3 and
4.1 ppbv, respectively. Spatially, the central and eastern India receive trans-
port from intensive power plants upwind.

Focusing on areas with relatively low influences from wind fields in
Figure 6a, we notice a suppression of PM2.5 enhancements in the 2019
heatwave scenario relative to 2018 for the National Capital Region, home to
46 million population located in the Indo‐Gangetic Plain. We attribute this
phenomenon partially to the limited water vapor and thus lower availability of
hydroxyl radical (Figure S6a in Supporting Information S1), which dominates
the atmospheric oxidizing capacity. In turn, the reduced atmospheric
oxidizing capacity during heatwave decelerates the secondary formation of

PM2.5. Additionally, the planetary boundary layer rises in heatwave (Figure S6b in Supporting Information S1),
associated with the high‐pressure synoptic pattern (Miralles et al., 2014) and favorable for the dilution of PM2.5.
Such variations in hydroxyl radical chemistry and planetary boundary layer meteorology during heatwaves are
consistent with previous studies (Emmerson et al., 2007; Wu et al., 2019).

Responses of surface O3 to anthropogenic emission increases, however, are inhomogeneous due to the non‐linear
O3 chemistry. Specifically, O3 concentrations over large power plants near Delhi in the National Capital Region
experience decreases or less significant increases in 2018 (e.g., the National Capital Dadri Thermal Power Plant;
Figure S7a in Supporting Information S1), likely determined by the locally enhanced NOx‐titration effect and
consequently lessened O3 production under the NOx‐saturated regmine (Chen et al., 2020; Nelson et al., 2021). In
the case of heatwave, we notice that such an O3 suppression is distinctively strengthened with much higher
negative O3 variations observed. One possible explanation is the diminished role of NOx sequestration by per-
oxyacetyl nitrates (Figure S7b in Supporting Information S1) at extremely high temperatures above 40°C (Figure
S8a in Supporting Information S1), as suggested by Steiner et al., 2010. Besides, stagnation during heatwaves
(Figure S8b in Supporting Information S1) may degrade O3 production in the downwind of power plants by
limiting the dispersion of precursors.

Distributions of PM2.5 and O3 responses over cities in the National Capital Region and the surrounding area
further reveal the statistically significant suppressions of secondary pollutant enhancements (Figures 7a and 7b).
Defining a ratio to characterize pollution levels during a heatwave relative to the business‐as‐usual value, we
obtain medians of 0.47 for PM2.5 and 0.75 for O3 (Figures 7c and 7d). Our results suggest that the presence of
extreme heatwaves appears to relive urban PM2.5 and O3 enhancements by − 53% and − 25%, respectively,
temporarily buffering the degradation in air quality triggered by spiked precursor emissions over this populated
area. On national level, nevertheless, the PM2.5 and O3 pollution are broadly enhanced due to the increasing odd‐
oxygen (NO2 + O3) on the hot days, and the impacts from emission variations for downwind regions away from
power plants will be investigated in future works, which can be complicated by long‐range transport and variable
gas lifetime.

4. Conclusions and Discussion
Our study assesses heatwave‐related anthropogenic responses through satellite measurements alongside nu-
merical simulations. Satellites capture enhancements of SO2 (26.5%–83.8%) and NO2 (4.1%–23.7%) columns
over coal‐based power plants during heatwaves, which are attributed to spiked electricity use. After con-
trolling for changes in meteorological influences and chemical feedbacks, we notice increased emissions in

Figure 5. Response of modeled enhancements in total SO2 and tropospheric
NO2 columns to the scaling‐up of SO2 and NOx emissions in the power
sector over thermal power plants in India during the 2019 heatwave. Results
are obtained from a series of WRF‐Chem perturbation simulations at a 10%
step. The observed SO2 increase (44.3%) and its meteorological contribution
(18.2%) and anthropogenic contribution (26.1%) are also shown. The result
takes the difference in meteorological conditions between 2018 and 2019
into consideration by running the model with corresponding meteorological
fields.
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the power sector by 34.9% for the selected 2019 Indian heatwave case. Our results demonstrate that daily
temporal allocation of bottom‐up emission inventories is important and should be implemented using sur-
rogates that account for changes in daily temperature. Due to the lack of real‐time emission measurements,
current temporally resolved emission inventories are usually estimated at an annual scale and scaled to into
monthly, daily, or hourly resolutions considering temporal variations in fuel consumption (Zheng
et al., 2021) or electricity generation (Guevara et al., 2021). These activity indicator‐based estimates might
not always be able to capture the fluctuations in emissions, especially for periods with unexpected socio-
economic activities.

Figure 6. Daily PM2.5 (a) and MDA8 O3 (b) responses to the SO2 and NOx emission enhancements in Indian cities. Δ
represent changes from the WRF‐Chem base simulation to a sensitivity simulation with satellite‐constraint emissions in the
power sector (increase by 34.9% compared to the base simulation). Values are compared between the 2019 heatwave
condition and the 2018 BAU condition. Results are shown for cities with a population greater than 100,000 and with at least a
power plant within a 60 distance. 60 km is the potential influencing scope of power plants, calculated as the median distance
between cities and their closest neighboring power plants across India. Arrows in panel (a) present the 10‐m wind vectors.
Black boxes in panel (b) locate the National Capital Region and its surround regions analyzed in Figures 7, S7, and S8 in
Supporting Information S1.
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The precursor emission growths post additional challenges for PM2.5 and O3 pollution control (up to 5.5 μg m
− 3

and 4.1 ppbv, respectively). Moreover, we show complex influences of heatwaves on PM2.5 and O3 formation.
Compared to non‐heatwave condition, the presence of extreme heat can suppress PM2.5 and O3 enhancements (by
− 53% and − 25%, respectively) from an anthropogenic perspective, under the joint influences of atmospheric
oxidizing capacity, thermal decomposition of peroxyacetyl nitrate, planetary boundary layer rise, and air stag-
nation. This is despite the exacerbated secondary pollution from studies on natural feedback assuming constant
anthropogenic sources (Schnell & Prather, 2017) and on responses of power plant emissions in the NOx‐sensitive
regime (He et al., 2013). These results pinpoint the challenge of mitigating air pollution under climate change and
the urgency of coordinated control policies during heatwaves.

We investigate selected high‐impact heatwaves in India and China, but our results are relevant beyond these
cases. Under the current changing climate, heatwaves affect 6.6% of the globe with a mean temperature of 35.6°C
and a mean duration of 10.1 consecutive days, and all three metrics show rising trends (Figure S9 in Supporting
Information S1) in line with regional studies (Dong et al., 2021; Hulley et al., 2020). While each heatwave is

Figure 7. Sensitivities of the PM2.5 and MDA8 O3 to power‐induced SO2 and NOx emission enhancements over the National Caption Region and the surrounding
regions. (a, b), ΔPM2.5 and ΔO3 represent changes from the WRF‐Chem base simulation (BASE) to a sensitivity simulation with satellite‐constraint emissions in the
power sector (CONS). (c, d), αPM2.5 and αO3 indicate ratios of ΔPM2.5 and ΔO3 under the heatwave condition (2019) to the business‐as‐usual condition (2018), with
medians inset. Results are analyzed for 40 km × 40 km domains around city centers. The selection of 40 km compromises a sufficient number of available data points
and low interference from neighboring cities for this populated region. The geographic extent of the National Caption Region and the surrounding regions are outlined in
Figure 6b.
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unique regarding local meteorological conditions and energy structure, similar heatwave responsiveness to
electricity demand can be expected across the globe (Auffhammer et al., 2017). Heatwaves also strongly constrain
electricity generations from wind and hydropower, aggravating the burden on thermal power, especially for
developing countries. Moreover, enhancements in thermal power generation and satellite‐constrained emission
feedback shall be regarded as lower limits of heatwave influences, considering the possible coal shortage and
infrastructure failure.

Regardless, our study provides important implications for air pollution analysis that rely on chemical transport
models by emphasizing the lack of real‐time response of anthropogenic emissions. Our results underline
anthropogenic feedback over thermal power plants to climate change and stress the necessity of a full picture of
complex interplays among emission, chemistry, and meteorology for mitigating air pollution. Such analysis will
benefit from geostationary satellite missions with high temporal resolutions, including Geostationary Environ-
mental Monitoring Satellite (GEMS; J. Kim et al., 2020), Sentinel‐4 (Ingmann et al., 2012), and Tropospheric
Emissions: Monitoring of Pollution (TEMPO; Zoogman et al., 2017). Under the warming climate, a rapid energy
transition from coal to renewable solar power offers an option to improve air quality and compensate the power
demand during heatwaves, for which the resilience and flexibility against high temperature must also be
considered (Feron et al., 2021).
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