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ABSTRACT: The evaporative emissions of anthropogenic volatile organic
compounds (AVOCs) are sensitive to ambient temperature. This sensitivity
forms an air pollution-meteorology connection that has not been assessed on
a regional scale. We parametrized the temperature dependence of
evaporative AVOC fluxes in a regional air quality model and evaluated the
impacts on surface ozone in the Beijing−Tianjin−Hebei (BTH) area of
China during the summer of 2017. The temperature dependency of AVOC
emissions drove an enhanced simulated ozone-temperature sensitivity of 1.0
to 1.8 μg m−3 K−1, comparable to the simulated ozone-temperature
sensitivity driven by the temperature dependency of biogenic VOC
emissions (1.7 to 2.4 μg m−3 K−1). Ozone enhancements driven by
temperature-induced AVOC increases were localized to their point of
emission and were relatively more important in urban areas than in rural
regions. The inclusion of the temperature-dependent AVOC emissions in
our model improved the simulated ozone-temperature sensitivities on days of ozone exceedance. Our results demonstrated the
importance of temperature-dependent AVOC emissions on surface ozone pollution and its heretofore unrepresented role in air
pollution−meteorology interactions.
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1. INTRODUCTION
Surface ozone, produced by the photochemical oxidation of
volatile organic compounds (VOCs) in the presence of
nitrogen oxides (NOx = NO + NO2), is a growing concern
in China during the warm season. For example, in the Beijing−
Tianjin−Hebei (BTH) area of China, the maximum daily 8 h
average (MDA8) surface ozone concentrations exceeded the
national standard of 160 μg m−3 on 10 days in 2013,1,2 but the
number of exceedance days increased to 83 days in 2019.3,4 It
is thus imperative to better understand the mechanisms by
which surface ozone pollution occurs in Chinese cities in order
to develop more effective control strategies. VOCs that
contribute to surface ozone pollution originate from a variety
of anthropogenic, biogenic, and biomass-burning sources.5

Among these sources, the emissions of biogenic VOCs
(BVOCs), including, most importantly, isoprene, exacerbate
ozone pollution events. This is because the warm and sunny
conditions that facilitate ozone photochemical production also
enhance BVOC emissions.6 This meteorology-chemistry
connection is well understood and is accounted for in most
air quality models.7

In contrast, the emissions of anthropogenic VOCs (AVOCs)
are also sensitive to ambient temperature; however, the

potential impacts of this sensitivity on regional surface ozone
have not been fully explored. Temperature variations affect
both the intensities of anthropogenic activities and the
emission factors of AVOCs from those activities. For instance,
power generation increases at both high and low ambient
temperatures due to power demands for cooling and heating.
This weather-driven variation of anthropogenic activities has
been accounted for in emission inventories on monthly to
seasonal scales. Much less is known about the temperature
dependence of AVOC emission factors, particularly the
enhanced evaporation of AVOCs in warm weather. Many
studies have shown that high ambient temperatures substan-
tially increased the fugitive evaporative emissions of AVOCs
from petrochemical processing, vehicles, as well as the use of
solvents (e.g., painting/coating, dry cleaning, and print-
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ing8−13). Niu et al.10 observed that in summer, the ambient
levels of VOCs and oxygenated VOCs (OVOCs) associated
with printing and dry cleaning were 20−40 times higher than
their respective winter levels in a central Chinese city. Since
the volatility of AVOC species varies, the temperature
dependency of evaporative AVOC emissions also affects the
composition and reactivity of AVOCs in the ambient air.14 Na
et al.15 observed that warm weather enhanced the evaporative
emissions of aromatics from vehicles in Seoul, Korea, and that
the ozone formation potential (OFP) of VOCs from vehicular
evaporative emissions was 40% higher than that from vehicular
exhaust gases in summer. Gu et al.16 incorporated into a box
model a 1% increase of AVOC emissions per 3 °C rise in
ambient temperature and found that this temperature depend-
ence of AVOCs increased the simulated surface ozone
concentrations by 2 ppb in urban Shanghai when the daily
maximum temperature was 41 °C.
To the best of our knowledge, the impacts of temperature-

dependent evaporative AVOC emissions on surface ozone
have not been quantified on a regional scale. The main
challenge was that the temperature dependency of AVOCs
emitted from different sources has not been formulated and
represented in regional models. In this study, we developed
parametrizations for the temperature dependencies of evapo-
rative AVOC emissions from transportation, solvent use, and
other nonsolvent-use industrial activities (hereafter referred to
as “NSI activities”). We tested these parametrizations to a
regional air quality model to evaluate the responses of
summertime surface ozone to temperature-dependent AVOC
emissions in the BTH area of China. Finally, we compared the
simulated ozone-temperature sensitivities driven by evapo-
rative AVOC emissions and BVOC emissions, respectively, to
better understand the role of temperature-dependent emissions
in regional air quality−meteorology interactions.

2. METHODOLOGY
2.1. Simulations of Surface Ozone in the BTH Area

Using the WRF-GC Model. We used the WRF-GC regional
air quality model (v2.0)17,18 to simulate surface ozone
concentrations over China. WRF-GC is an online coupling
of the Weather Research and Forecasting (WRF v3.9.1.1,
https://www.mmm.ucar.edu/models/wrf)19 meteorological
model and the GEOS-Chem atmospheric chemistry model
(v12.8.1, http://www.geos-chem.org/).20 Our simulations
were between May 28 and July 5, 2017, with the first 4 days
of the simulation considered as model spin-up and discounted
from analyses. We chose to simulate this period because June
and July are the months with the most frequent ozone
exceedances over the BTH area, although evaporative AVOC
emissions are sensitive to temperature in all seasons. Also, the
constraint for temperature dependency of NSI emissions was
based on a most recent published observation in 2017.14 We
simulated a single domain of 27 km horizontal resolution and
50 vertical layers (Figure S1). WRF-GC used the O3−VOC−
NOx−aerosol−halogen chemical mechanism from GEOS-
Chem v12.8.1, which we supplemented with the photo-
chemical mechanism of aromatics from GEOS-Chem
v13.0.0.5,21 Meteorological initial and boundary conditions
were from the National Center for Environmental Prediction
Final Operational Global Analysis (NCEP FNL, 1° resolu-
tion).22 The simulated winds, temperature, and water vapor
mixing ratios above the planetary boundary layer were nudged
with the NCEP FNL data every 6 h. Aerosol feedback to

meteorology was disabled to further ensure that the
meteorological conditions in all simulations were identical.
Chemical boundary conditions were from a standard full-
chemistry simulation using GEOS-Chem v12.8.1.20 Table S1
summarizes the physical configurations used in our simu-
lations.
Monthly mean anthropogenic pollutant emissions within

Mainland China were from the Multi-resolutionEmission
Inventory for China (MEIC, http://www.meicmodel.org) for
the year 2017, which included emissions from power
generation, industries (distinguishing the solvent-use and
nonsolvent-use subsectors), transportation (including on-road
and off-road), and residential activities at 0.25° resolution.23,24

Anthropogenic emissions for the rest of the simulated domain
were from a mosaic Asian anthropogenic emission inventory
for the year 2010.25 Biomass-burning emissions were from the
Global Fire Emissions Database version 4.1 with small fires
(GFED4s).26 Meteorology-dependent BVOC emissions
(MEGAN v2.1)6 and soil- and lightning-NOx emissions27,28

were calculated online in WRF-GC. Figure S2 shows the
monthly mean VOC emissions over the BTH area during the
simulation period. AVOC emissions from transportation,
solvent use, and NSI activities generally overlapped in space,
reflecting the collocation of the population, vehicles, and
industrial activities over this area. The BVOC emissions were
highest over Beijing, Tianjin, and the northeastern parts of
Hebei, reflecting the denser vegetation in these areas relative to
other parts of the BTH.
We conducted three sensitivity simulations to elucidate the

impacts of temperature-dependent VOC emissions on surface
ozone (Table S2). The BASE simulation was driven by
meteorology-dependent BVOC emissions as well as temper-
ature-independent AVOC emissions with prescribed weekday/
weekend and diurnal temporal patterns to represent the
anthropogenic activity variations independent of daily
meteorological variations. The AVOC(T) simulation was
identical to the BASE simulation, except that the hourly
AVOC emissions were further dependent on hourly ambient
temperature, as described in Section 2.2. We also conducted a
BVOC(NT) simulation, which was identical to the BASE
simulation, except the dependence of BVOC emissions on
daily temperature variations was disabled. Instead, BVOC
emissions were driven by the monthly mean temperature for
each model grid. The simulated ozone differences between the
AVOC(T) and the BASE experiments represented the impacts
of temperature-dependent evaporative AVOC emissions, while
the simulated ozone differences between the BASE and
BVOC(NT) experiments represented the impacts of temper-
ature-dependent BVOC emissions.

2.2. Parametrizations for the Temperature Depend-
ency of Evaporative AVOC Emissions for Use in a
Regional Air Quality Model. Several studies have derived
the theoretical or empirical temperature dependence of
evaporative VOC emissions from different anthropogenic
sources.29,30 Evaporative AVOC emissions from transportation
mostly involved the vapor losses from bulk storage devices31;
these evaporative fluxes took the form of eq 1,29,30,32−35

analogous to the Clausius−Clapeyron equation:

i
k
jjj y

{
zzzE

A
T

B
T

exp1
1 1=

(1)

where E1 is the evaporative VOC emission flux from
transportation (unit: kg m−2 s−1), and T is the ambient
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temperature (unit: K). A1 (unit: kg m−2 s−1 K) and B1 (unit:
K) are empirical temperature-dependency parameters; B1 is
analogous to the ratio between the enthalpy and the specific
gas constant (ΔH/R) in the Clausius−Clapeyron equation.
The evaporative VOC emissions associated with solvent use

often involve evaporation from large surface areas, such as a
painted or coated surface. Huang et al.33 derived the form of
evaporative fluxes from such surfaces based on statistical
physics:

i
k
jjj y

{
zzzE

A
T

B
T

exp2
2 2=

(2)

where E2 is the evaporative VOC flux associated with solvent
use (unit: kg m−2 s−1). A2 (unit: kg m−2 s−1 K1/2) and B2 (unit:
K) are the temperature-dependency parameters.
For the evaporative VOC emissions from NSI activities,

there have not been systematic measurements of their
temperature dependencies. Song et al.14 used a positive matrix
factorization (PMF) model to quantitatively attribute their
observed ambient VOC concentrations in an industrial city to
different sources. We adopted their observed linear temper-
ature dependence for the ambient VOC concentrations
associated with NSI activities (eq 3):

E A T B3 3 3= + (3)

where E3 is the evaporative VOC emission from NSI activities
(unit: kg m−2 s−1). A3 (unit: kg m−2 s−1 K−1) and B3 (unit: kg
m−2 s−1) are empirically derived parameters.
We further assumed that the monthly mean AVOC

emissions used in the BASE simulation represented the
emission fluxes for the monthly mean temperature (T̅g) of
the model grid g. Given the temperature dependence forms of
eqs 1−3, we derived the temperature sensitivity factor of
evaporative AVOC emissions, f i,t,g(Tt,g), which described the
ratio of AVOC flux from source i (see Table 1) at given
temperature Tt,g, relative to the AVOC flux at monthly mean
temperature T̅g (eqs 4a−4c):
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where i represents the different sources (i = 1 for trans-
portation; i = 2 for solvent use; i = 3 for NSI activities). A1 and
A2 from eqs 1 and 2 are eliminated. The parameter values in
eqs 4a and 4c can be determined empirically to represent the
emissions associated with the prevailing technology of source i.
We reviewed the literature and selected parameter values most
representative of Chinese conditions in 2017 (Table 1). We
adopted the empirical value of B1 and its uncertainty (1.6 ± 0.5
× 104 K) for China V standard light-duty gasoline car, which
accounted for 87%36 of the total number of vehicles in China
in 2015.32 For evaporative emissions from solvent use, we
applied the experimental value of B2 (4.9 ± 1.0 × 103 K) for
formaldehyde,37 whose emission from building materials had a
temperature dependency similar to that of other common
solvents.38 A3 (0.1 ± 0.01 kg m−2 s−1 K−1) and B3 (26.6 ± 4.0
kg m−2 s−1) and their uncertainty ranges were fitted from Song
et al.14 based on measurements in a Northern Chinese city in
2017.
The temperature sensitivity factors were applied to the

AVOC(T) simulation to represent the variation of AVOC
emissions as perturbed by hourly ambient temperatures (eq 5):

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑE c f T E( ) (1 )i j t g i j g i t g t g i i i j t g, , , , , , , , 0, , , ,= · + (5)

where Ei,j,t,g is the emission rate of AVOC species j from source
i for model grid g at time t. E0,i,j,t,g are the temperature-
independent emission rates of species j in the BASE
simulation. Tt,g is the surface air temperature for model grid
g at time t, and f i,t,g(Tt,g) is the corresponding temperature
sensitivity factor for source i. We defined γi as the evaporable
(i.e., ambient-temperature-sensitive) fraction of AVOC emis-
sions from source i, which was the fugitive fraction of AVOC
emissions from that source.39 Nonfugitive AVOC emissions,
such as tailpipe exhaust from vehicles, are more affected by the
temperature within engines and less affected by ambient
temperature. For transportation emissions, we assumed γ1 =
0.39 based on emission tests for Chinese passenger vehicles
and trucks in the year 2015.31 We assumed the same
temperature sensitivity for both on-road and off-road vehicles
because all vehicles could release evaporative AVOC emissions
during hot soak loss, diurnal breathing loss, refueling loss, and
running loss.31 For AVOC emissions from solvent use (i = 2)
and NSI activities (i = 3), we assumed γi = 1 because (1) the
emissions associated with solvent use were mostly fugitive and
(2) the temperature sensitivity factor we adopted for NSI
emissions were from the observed variation of ambient VOC
concentrations and accounted for the fugitive fraction
implicitly. Finally, we applied a normalizing factor (ci,j,g) to
each model grid, such that, for species j, the sum of emissions

Table 1. Temperature Sensitivity Factors ( f i,t,g(Tt,g)) of Evaporative AVOC Emissions Used in This Studya

sources temperature sensitivity factor f i,t,g(Tt,g)

fugitive emissions from transportation32
i
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solvent use37
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3 3
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other nonsolvent-use industrial (NSI) activities14 f T
T

T
( )

0.1 0.01 26.6 4.0

0.1 0.01 26.6 4.0i t g t g
t g

g
3, , ,

,=
± × ±
± × ±=

aTemperatures are in units of K.
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from source i during the simulation period in the AVOC(T)
simulation ( Et i j t g, , , ) was identical to the sum of emissions
from that source in the BASE simulation ( Et i j t g0, , , , ) (Figure
S2). This normalization ensured that the simulated differences
in surface ozone were driven only by the temperature-induced
variability of evaporative AVOC emissions.

2.3. Calculation of OFP Driven by the Temperature
Sensitivity of VOC. The OFP is a widely used metric to
quantify the total photochemical production of ozone from
individual VOC species throughout its entire photochemical
cascade.40 For unit emission of a VOC species j released into a
boundary layer box of known volume, its OFP is the product of
its emission and its emission-based maximum increment
reactivity (MIRj; unit: g O3 g−1 VOC).9,41,42 Assuming that
the local photochemical conditions (e.g., oxidant levels, actinic
fluxes) were unchanged, the local change of OFP of species j at
model grid g at time t (ΔOFPi,j,t,g; unit: g of O3) would be
proportional to the local change of its emission ΔEi,j,t,g (unit: g
of VOC s−1):

EOFP MIRi j t g i j t g j, , , , , ,= × (6)

We adopted the MIRj values calculated for Chinese cities
from previous studies.43−45

2.4. Surface Observations of Ozone Concentrations
and Meteorological Conditions, and Satellite Observa-
tions of Tropospheric NO2 and Formaldehyde Column
Concentrations. We compared model results to hourly
measurements of surface ozone concentrations at 91 sites in 13
cities in the BTH area during summer 2017. The measure-
ments were managed by the National Environmental
Monitoring Centre (http://www.cnemc.cn, last accessed:
March 30, 2023). We applied a consistent data quality control
protocol1,5 to the hourly measurements and averaged them
onto the model grids for comparison with the simulations. We
used the hourly meteorological data downloaded from the
National Centers for Environmental Information (NCEI,
http://www.ncdc.noaa.gov, last accessed: January 10, 2024)
to evaluate the simulated meteorology.
Satellite-observed formaldehyde-to-NO2 column concentra-

tion ratios (FNR) have been used as a qualitative indicator for
the regional ozone photochemical regime.46−48 We used the
Level 3 Cloud-Screened Tropospheric Column NO2 product
(0.25° resolution)49 and the Total Column Daily Level 3
Weighted Mean Global HCHO product (0.1° resolution)50

from the Ozone Monitoring Instrument (OMI, nadir overpass
time at approximately 13:45 local time) to calculate observed
FNR over the BTH area in summer 2017. Both datasets were
interpolated to 0.25° resolution for our analysis.

3. RESULTS
3.1. Evaluation of Surface Ozone Concentrations

Simulated by the BASE Experiment. We first evaluated
WRF-GC’s performance in simulating the observed meteoro-
logical conditions and surface ozone concentrations between
June 1 and July 5, 2017. The WRF-GC simulations, nudged
with NCEP reanalysis data, reproduced the spatiotemporal
variability of observed surface temperature and relative
humidity (Figures S3 and S4). The BASE simulation
reproduced the spatial distribution of MDA8 ozone concen-
trations over the BTH area (Figure S5, spatial correlation r =
0.64). The simulated MDA8 ozone concentration over the
BTH area during this period averaged 179 ± 40 μg m−3, in

good agreement with the observations in terms of mean (160
± 38 μg m−3) and variability (Figure S6, temporal correlation r
= 0.79). Observed BTH-mean MDA8 ozone concentrations
exceeded the national air quality standard of 160 μg m−3

during June 14−21 (hereafter referred to as Episode 1) and
from June 25 to July 5 (Episode 2). The BASE simulation
correctly simulated 17 of these 19 ozone exceedance days in
the BTH area (Figure S6), which formed the basis for our
subsequent analyses. However, the model tended to under-
estimate ozone levels on exceedance days and the midday
ozone concentrations (Figure S6), potentially reflecting a
subdued sensitivity of ozone to temperature in the BASE
simulation.

3.2. Simulated Temperature Dependencies of Re-
gional Anthropogenic and Biogenic VOC Emissions.
Figure 1 shows [γi·f i,t,g(Tt,g) + (1 − γi)] from eq 5, which was

our parametrized effective temperature sensitivity of the total
(evaporative and nonevaporative) AVOC flux from source i,
assuming a monthly mean temperature T̅g of 298 K at model
grid g. The shaded areas represent the ranges of uncertainty
associated with the empirical parameters used in eqs 4a−4c.
The AVOC emissions from transportation grew only weakly
with temperature below T̅g but increased sharply with
temperature above T̅g. At 10 K above T̅g, the AVOC flux
from transportation was 2.8 times its flux at T̅g. In contrast, the
AVOC fluxes associated with solvent use and NSI activities
increased roughly linearly with temperature. At 10 K above T̅g,
the AVOC fluxes from solvent use and NSI activities were 1.7
and 1.3 times their respective fluxes at T̅g. The AVOC species
from transportation and solvent-use emissions consisted of
high fractions of alkenes and aromatics of high OFPs. We thus
hypothesized that the temperature sensitivity of the AVOC
emissions from transportation and solvent use may substan-
tially aggravate surface ozone pollution during anomalously
warm weather.
Figure 2a shows the daily variations of BTH-averaged

AVOC and BVOC emissions in response to daily temperature
variations, as simulated by our WRF-GC sensitivity experi-
ments. During the study period, the daily mean temperature
over the BTH area varied between 291 and 304 K. In
particular, the pollution Episodes 1 and 2 both corresponded
to periods of anomalously warm temperatures. Daily temper-
ature variations caused the BTH-wide daily AVOC emissions

Figure 1. Effective temperature sensitivity of total AVOC emissions
from transportation (i = 1, light purple), solvent use (i = 2, blue), and
NSI activities (i = 3, yellow) for a model grid g at time t, relative to
the monthly mean temperature of T̅g = 298 K for that grid. The gray
dashed lines mark the ratios of AVOC emissions at 308 K relative to
their emissions at 298 K. The shaded areas represent the ranges of
uncertainty associated with the empirical parameters in eqs 4a−4c.
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from the three anthropogenic sectors to vary substantially by
−39 to 35% relative to their respective monthly means. For the
entire BTH area, the temporal correlations between the BTH-
mean daily temperature and BTH-wide AVOC emissions from
the three sectors were 0.92, 0.97, and 0.98, respectively. The
overall sensitivity of total (from all sectors) AVOC emissions
to temperature was 6.25% K−1 over the BTH during the
simulated period. Transportation AVOC emissions contrib-
uted the most to this overall temperature sensitivity (9.7%
K−1), especially on warm days. Solvent use and NSI activities
contributed 5.8 and 3.4% K−1, respectively, to the overall
temperature sensitivity of the total AVOC emissions. In
comparison, daily temperature variations drove daily BVOC
emission variability between −67 and 61%, resulting in a
temperature sensitivity of 11.2% K−1 and temporal correlation
against a daily temperature r = 0.97. In short, the temperature
sensitivity of total AVOC emissions was comparable in
magnitude to the temperature sensitivity of BVOC on a
BTH-wide regional scale.

3.3. Simulated Responses of Surface Ozone to
Temperature-Dependent VOC Emissions. Figure 2a also
shows the responses of BTH MDA8 ozone to the temperature-
dependent AVOC and BVOC emissions, represented by the
simulated ozone differences between the AVOC(T) and the
BASE experiments and by the differences between the BASE
and the BVOC(NT) experiments, respectively. The monthly
mean MDA8 ozone over the BTH area in the AVOC(T) (159
± 42 μg m−3) and BVOC(NT) (161 ± 32 μg m−3)

simulations were similar to that in the BASE simulation (160
± 38 μg m−3) because we constrained the monthly mean VOC
emissions to be the same in all simulations. The nonlinear
impacts on the simulated ozone differences were small because
in all simulations: (1) the OH concentrations were relatively
similar (less than 10% difference, Figure S7a), (2) the ozone
production in most of the BTH cities was NOx-saturated
(discussed in Section 3.4), and (3) RO2 was mainly produced
by the photolysis of oxygenated products of AVOCs and
BVOCs. The inclusion of AVOC’s temperature dependence
enhanced the daily variability of ozone, as shown by the −7.6
μg m−3 (June 3) to 6.6 μg m−3 (June 30) difference relative to
the BASE simulation (Figure 2a), and this inclusion also
slightly improved the temporal correlation of daily simulated
MDA8 ozone concentrations with the observations in 9 of 13
cities in the BTH area (Figure S8). We found that the daily
ozone variability induced by the AVOC−temperature relation-
ship was comparable to the daily ozone variability induced by
the BVOC−temperature relationship (−13.5 μg m−3 on June 3
to 10.1 μg m−3 June 30; Figure 2a). Temperature-enhanced
AVOC and BVOC emissions both contributed to exacerbating
ozone exceedances during the warm periods of Episodes 1 and
2. During the cool period between June 3 and 8, both AVOC
and BVOC emissions were subdued, resulting in comparable
contributions to the decreased surface ozone concentrations.
The responses of surface ozone to temperature-enhanced

VOC emissions were also modulated by other meteorological
variables (Figure 2b), reflecting the complex meteorological

Figure 2. (a) Time series of simulated daily surface air temperature (T2, gray dashed line), daily variations of BTH-mean VOC emissions from
anthropogenic and biogenic sources relative to their respective monthly means (bars), and the simulated MDA8 ozone responses to temperature-
dependent anthropogenic (red dots and whiskers) and biogenic (green dots and whiskers) VOC emissions. (b) Time series of simulated 10 m wind
speeds (W10, gray dashed line with triangles), downward shortwave radiation fluxes (SWDOWN, pink dashed line with squares), and planetary
boundary layer height (PBLH, blue dashed line with diamonds) over the BTH area during the simulation period. The time periods of two ozone
exceedance episodes are shaded in blue (Episode 1) and yellow (Episode 2).

Figure 3. Spatial distributions of mean OFP enhancements (unit: g of O3) driven by temperature-dependent (a) AVOC and (b) BVOC emissions
during Episode 2. Also shown are the spatial distributions of simulated mean MDA8 ozone enhancements (unit: μg m−3) driven by temperature-
dependent (c) AVOC and (d) BVOC emissions.
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control of pollutant emissions, advection, accumulation, and
photochemistry. During the warm period of Episode 2, the
daily maximum temperature over the BTH was 3.5 K above
the monthly mean, and the MDA8 ozone enhancements due to
temperature-dependent AVOC and BVOC emissions were 6.1
and 8.5 μg m−3, respectively. Episode 2 was marked by strong
downward shortwave radiation flux (>340 W m−2), low surface
wind speeds (<3 m s−1), and relatively low planetary boundary
layer heights (<1000 m), all of which were favorable
conditions for the accumulation of ozone precursors and
their local photochemical production of ozone.51,52 In contrast,
during Episode 1, the response of MDA8 ozone to temper-
ature-enhanced VOC was slightly subdued partly because the
high temperatures lasted shorter than they did during Episode
2. Additionally, the high planetary boundary layer heights
(12% above the monthly mean) and enhanced surface winds
(19% above the monthly mean) during Episode 1 promoted
the dispersion of ozone and its precursors such that the
impacts of temperature-enhanced anthropogenic and biogenic
VOC emissions on local ozone production were both
diminished.
We further analyzed how temperature-dependent VOC

emissions from different sectors contributed to surface ozone
pollution during Episode 2. Figure 3 shows the spatial
distributions of the OFP enhancements during Episode 2
driven by temperature-dependent AVOC and BVOC emis-
sions, respectively. The OFP enhancements associated with
increased AVOC emissions were highest over Beijing, Tianjin,
Tangshan, and Baoding (Figure S9). The simulated ozone
enhancements associated with increased AVOCs were spatially
consistent with the corresponding OFP enhancements, with
the largest ozone enhancements exceeding 6 μg m−3 over the
four aforementioned cities (Figure 3a,c). In contrast, the OFP
enhancements associated with temperature-dependent BVOC
emissions were spatially correlated with increased isoprene
emissions (Figures 3b and S5b), but the simulated ozone
enhancements were slightly displaced northwest of the BTH
area (Figures 3d and S5b). This displacement was because the
oxidation of isoprene first produced its intermediate products,
such as methacrolein and methyl vinyl ketone, formaldehyde,
and acetaldehyde, which in turn photochemically form
ozone.53 All of these intermediate products have lifetimes
ranging from a few hours to a day, which were longer than
those of isoprene. As a result, these products were transported
downwind by the surface easterly and southerly winds (Figure
S10), and the eventual ozone formation was spatially displaced
and lagged behind the initial oxidation of isoprene for several
hours. In contrast, the photochemical production of ozone
from highly reactive alkenes (e.g., propene) and aromatics

(e.g., m-xylenes) began immediately after the initial oxidation
of these precursors.54 This difference in the ozone production
time scales from reactive AVOCs and from isoprene is
consistent with evidence from chamber experiments. Com-
pared to BVOCs, temperature-dependent AVOC emissions
have a more localized impact on surface ozone. In the WRF-
GC model and for our simulation period, the inclusion of
temperature-sensitive AVOC emissions led to less than 10%
perturbation on the regional OH levels (Figure S7a); the
difference in the simulated biogenic secondary organic aerosol
abundance was also small (Figure S11).
Figure 4 compares the temperature-induced OFP enhance-

ments contributed by different AVOC and BVOC species and
sectors over Beijing, Tianjin, and Hebei, respectively, during
Episode 2. The temperature dependencies of BVOCs and
AVOCs contributed comparably to the OFP enhancements
over Beijing and Tianjin, but BVOCs contributed twice as
much OFP enhancements than AVOCs over Hebei. Averaged
over the three cities and provinces, the temperature-enhanced
OFP associated with AVOCs was mostly associated with
transportation (50%) and solvent-use (40%) emissions, with
only minor contributions from NSI activities (10%),
confirming our hypothesis. In terms of chemical species,
short-lived aromatics (including toluene and xylenes, mostly
from solvent-use emissions) were the largest contributors
(45%) to the anthropogenic OFP enhancements, followed by
≥C3 alkenes (largely from transportation) and ≥C4 alkenes
(from both transportation and solvent-use emissions). These
results indicated that over areas with strong AVOC emissions,
selectively reducing the evaporative emissions of highly
reactive species from transportation and solvent use would
mitigate the local ozone pollution associated with warm
temperatures.

3.4. Ozone−Temperature Relationship as Driven by
Temperature-Dependent VOC Emissions. We analyzed
whether and how the inclusion of temperature-dependent
AVOC emissions improved the representation of the ambient
ozone−meteorology relationship in the model. Figure S12
shows the simulated MDA8 ozone enhancements
(ΔMDA8O3) driven by temperature-dependent AVOC and
BVOC emissions, respectively, as a function of mean afternoon
(13:00−17:00) temperature anomaly (ΔT) for cities in the
BTH area and for the BTH as a whole. We defined the ozone-
temperature sensitivity (k) as the slope of the reduced-major
axis regression line of ΔMDA8O3 versus ΔT. The temperature
dependency of AVOC emissions drove simulated ozone-
temperature sensitivities (kA) of 1.0 to 1.8 μg m−3 K−1, which
were on average 70% of the total simulated ozone-temperature

Figure 4. OFP enhancements driven by temperature-dependent VOC emissions over Beijing (left), Tianjin (middle), and Hebei (right) during
Episode 2. The source sectors are color-coded. The OFP enhancements from the top five contributing AVOC species are also shown. The OFP for
each city/province is the sum of the episode-averaged OFP for all grids within that city/province.
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sensitivity driven by the temperature dependency of BVOCs
emissions (kB = 1.7−2.4 μg m−3 K−1).
We investigated whether the variable values of kA and kB

across BTH cities may be related to the local ozone production
regimes in each city. Our simulated FNRs from the AVOC(T)
experiment were spatially consistent with the OMI-observed
FNRs (Figure S13), indicating that the model reproduced the
spatial difference of the ozone production regimes over the
BTH area. Furthermore, we found that in our simulations both
the FNR and the H2O2/HNO3 ratios

55 were not significantly
different in the BASE and AVOC(T) experiments, indicating
that the regime of ozone production was not substantially
altered by the inclusion of temperature-sensitive AVOC
emissions (Figure S7b). Figure 5 shows the simulated values
of kA and kB and their ratios versus the OMI-observed FNR
values over model grids with surface ozone measurements
during the study period. Previous model studies over East
China have shown that FNR < 2.3 and FNR > 4.2, respectively,
indicated local ozone production to be NOx-saturated (or
VOC-sensitive) and NOx-sensitive, while an FNR value
between 2.3 and 4.2 indicated ozone production to be in a
transitional regime.56 Based on these thresholds, ozone
production in most of the 13 cities in the BTH area was
VOC-sensitive (Figure 5). The kB values across BTH cities
were not significantly correlated with FNR, which may be due
in part to the delayed ozone production from isoprene
oxidation (discussed in Section 3.3). However, kA values (r =
−0.48, two-tail p-value <0.005) and kA/kB values (r = −0.67,
two-tail p-value <10−4) across BTH cities were negatively
correlated with FNRs. These negative correlations indicated
that in cities where ozone production was severely saturated
with NOx emissions and thus highly sensitive to VOC

emissions, the localized production of ozone from temper-
ature-dependent AVOC emissions would contribute more
substantially to the overall ozone−temperature relationship,
compared to the cities with FNR > 2.3, such as Zhangjiakou
and Chengde (Figures 5 and S13). In these latter cities, ozone
production was in the transitional regime and less sensitive to
increased VOC emissions; as such, both kA and kA/kB were
relatively small in Zhangjiakou and Chengde (Figure 5).
The observed surface ozone-temperature sensitivity over the

BTH cities on ozone exceedance (MDA8 ozone > 160 μg
m−3) days (9.8 ± 2 μg m−3 K−1, Figure S14) were larger than
the sum of kA and kB, indicating that there were other coupling
mechanisms between temperature and ozone pollution at play,
in addition to the temperature dependencies of AVOC and
BVOC emissions explored in this study. These other coupling
mechanisms may include the actinic flux-dependency of BVOC
emissions, the temperature-dependency of soil NOx emissions,
surface stagnation and boundary layer compression associated
with subsidence and anticyclonic weather, advection of ozone
from other parts of Eastern China, and faster photochemical
reactions and less ozone removal under warm and dry
weather.5,7,57,58 Nevertheless, the inclusion of the temper-
ature-dependent AVOC emissions in our model improved the
simulated ozone-temperature sensitivities (from 8.3 ± 1 μg
m−3 K−1 in the BASE experiment to 9.5 ± 1 μg m−3 K−1 in the
AVOC(T) experiment) over the BTH area as a whole and at
most BTH cities on ozone exceedance days (Figures 5d).

4. UNCERTAINTIES AND IMPLICATIONS FOR
REGIONAL AIR QUALITY MANAGEMENT

Our parametrizations for the temperature dependency of
evaporative AVOC emissions involve uncertainties arising from

Figure 5. Simulated ozone-temperature sensitivities for each city in the BTH area as driven by temperature-enhanced (a) AVOC emissions (kA)
and (b) BVOC emissions (kB), and (c) the ratio of kA/kB versus the FNR values observed by the OMI. Also shown are (d) observed ozone-
temperature sensitivity for each city (observed MDA8 ozone anomaly versus afternoon (13:00−17:00) temperature anomaly during ozone
episodes). The symbols are outlined in red if the inclusion of temperature-enhanced evaporative AVOC emissions in the model improved the
simulated overall ozone-temperature sensitivity on ozone exceedance days. The gray dashed line represents the threshold between a NOx-saturated
(VOC-sensitive) regime and a transition regime for ozone photochemical production.
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several aspects, including the scarcity of observational
constraints on the temperature dependence of individual
sources and species, as well as the continued change of
emission control policies in China. For example, we assumed
the same temperature sensitivity for evaporative emissions
from on-road and off-road vehicles, but the fuel types and
emission regulations for these vehicles are in fact different.24,59

For NSI emissions, our use of parameters derived from the
source-apportionment study of Song et al.14 may be sensitive
to their measurements and apportionment techniques. In
addition, the Chinese government has promulgated stronger
control policies on AVOC emissions since 2021.60 Emission
standards for vehicles have also tightened,61 and in many cities
a significant portion of the on-road fleet has become
electrical.62 These changes likely have substantial impacts on
the evaporative AVOC emissions. However, measurements in
2021 showed that fugitive emissions still constituted more than
half of the total VOC emissions from several industrial
processes, including coating.39 More measurements represen-
tative of current technologies are urgently needed to reduce
the uncertainties of the parameters in Table 1 and better
represent the temperature sensitivities of evaporative emissions
of AVOC species from individual sources in China.
Application of our parametrizations in regional models can

help improve air quality forecasts and accentuate targets for
emission reduction, providing policymakers with effective
guidance in air quality management. A persistent issue in
current air quality models is the tendency to underestimate
high ozone pollution events.63,64 We demonstrated that
incorporating the temperature-dependency of evaporative
AVOC emissions into the model helps rectify this under-
estimation by improving the simulated ozone-temperature
sensitivity, especially in major cities. Our findings also
highlighted the need to strengthen the control of evaporative
emissions of high-reactivity AVOC species, including higher
alkenes and aromatics, which is already an emission reduction
priority set by the Chinese Ministry of Ecology and
Environment.65 Furthermore, reducing evaporative AVOC
emissions on hot days, such as temporarily suspending
vehicular and industrial refueling, open-air painting, and
asphalt laying, may be viable emergency response measures
to mitigate ozone exceedance episodes in urban areas.
Our results also highlighted a previously underexplored

factor in the “climate change penalty” of surface ozone
pollution, which is the deterioration of ozone air quality as a
result of climate warming even when anthropogenic activities
remain unchanged. Studies have shown that global warming
may increase the frequency and intensities of heatwaves and
urban heat island effects,7,66 such that the impacts of
temperature-dependent AVOC emissions on ozone may
become more pronounced in the future. Other underestimated
or unrepresented natural and anthropogenic emissions of
ozone precursors, such as soil-NOx emissions67 and emissions
associated with urban greening practices,68−70 may also cause
complex ozone-temperature sensitivities. These linkages
between air pollution and meteorology should be considered
in our projection of long-term air quality trends to better
inform the long-term emission reduction goals.
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