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Abstract
Heatwaves are increasingly frequent, intense, and prolonged under climate change, affecting
15  atmospheric chemistry and secondary air pollution. Volatile organic compounds (VOCs) are key
precursors of ozone (O3) and secondary organic aerosol (SOA), yet the impacts of heatwaves on VOC-
related processes remain not fully integrated. This review synthesizes advances in heatwave impacts
on VOC emissions, source contributions, transformation, and secondary pollution. Based on 287
publications (~67% from 2020-2026), observations show that heatwaves increase total ambient VOCs,
20 but dominant compounds vary by city and reflect local emissions. Temperature-sensitive
anthropogenic sources (solvent use, volatile chemical products, fuel storage, vehicle evaporation)
increase strongly, whereas combustion sources are less temperature-dependent. Biogenic VOC
emissions, especially isoprene and monoterpenes, respond nonlinearly to temperature and are
modulated by plant physiology, water stress, and species-specific storage/synthesis. Heatwaves also
25  enhance atmospheric oxidation through increased photolysis and radical production, altering VOC
oxidation, radical cycling, O3 formation regimes, and gas-particle partitioning. Enhanced emissions
and oxidation can promote O3 and SOA formation, but net responses depend on VOC-NOx sensitivity,
peroxyacetyl nitrate (PAN) chemistry, product volatility, partitioning, reactive uptake, and particle-
phase diffusion. Observations, experiments, emission parameterizations, source apportionment,
30 inverse modeling, and chemical transport models provide complementary evidence, but uncertainties
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remain in temperature-dependent emissions, semi-volatile/intermediate-volatility organic compounds
(S/IVOCs) oxidation, multiphase chemistry, and observational constraints. Future research should
integrate high-resolution measurements, source apportionment, inverse modeling, and process-based
models across heatwave events to quantify source-specific temperature responses and improve

35  predictions of VOC-driven secondary pollution.
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40 1 Introduction

Although substantial progress has been made in reducing primary pollutants in many regions (Chen et
al., 2024a; Jiang et al., 2018; Tsimpidi et al., 2025), secondary pollution, particularly ozone (O3) and
secondary organic aerosol (SOA), remains a major challenge in air pollution control worldwide (Chace
et al., 2025; Chen et al., 2024d; Li et al., 2019; Nie et al., 2022; Tudor, 2022). Volatile organic
45  compounds (VOCs), as key precursors of O3 and SOA, govern atmospheric oxidation capacity and the
formation of secondary pollutants (Liu et al., 2026b; Monks et al., 2009; Wang et al., 2024¢). This
challenge is further compounded by the increased frequency and intensity of heatwave events that can
substantially alter VOC emissions, atmospheric oxidation processes, and the subsequent evolution of

pollutants (Li et al., 2025¢; Pfannerstill et al., 2024; Wang et al., 2026g; Xian et al., 2026).

50 Recent studies have increasingly revealed that these heatwave-induced changes extend well beyond
temperature-dependent emission responses, involving complex interactions across sources, chemistry,
and secondary pollution that remain poorly quantified (Aas et al., 2026; Qin et al., 2025; Wu et al.,
2024). For anthropogenic VOCs (AVOCs), studies have highlighted enhanced volatilization from
volatile chemical products (VCPs), fuel-related sources, and solvent use under extreme heat, which

55  markedly reshapes urban VOC composition and reactivity during heatwave events (Huang et al., 2022;
Rubin et al., 2006; Tan et al., 2021; Wang et al., 2021b; Xian et al., 2026). For biogenic VOCs (BVOCs),
studies have increasingly focused on the nonlinear temperature responses of vegetation emissions,
particularly for highly reactive species such as isoprene and monoterpenes (Bourtsoukidis et al., 2024,
2025; Seco et al., 2022; Wang et al., 2026d; Zeng et al., 2025). Extending beyond emission responses,

60  studies have also explored how heatwaves influence VOC atmospheric chemistry, particularly through
altered oxidative capacity, radical cycling, and precursor-oxidant coupling (Kong et al., 2025; Wang et
al., 2026e, g; Zhang et al., 2024c). Furthermore, recent work has highlighted heatwave-induced
perturbations in hydroxyl (OH) /HOx (OH+HO:2) radical cycling, peroxyacetyl nitrate (PAN) thermal
decomposition, O3 formation regimes, and the multiphase processes controlling SOA formation and

65  persistence (Li et al., 2024; Wang et al., 2026f; Yang et al., 2026b; Zhang et al., 2024a). A further line
of research has sought to isolate the direct thermal effects from concurrent changes in radiation,
humidity, boundary layer dynamics, and regional transport (Pan et al., 2026; Wang et al., 2021a; Zhou
et al., 2025).
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Despite substantial progress in recent years, an integrated understanding of heatwave impacts on VOC-
70  related atmospheric processes remains limited. The responses of VOC emissions, source contributions,
atmospheric oxidation, and secondary pollutant formation are closely coupled, yet they exhibit marked
variability across different emission sources, chemical species, and environmental conditions (Wang
et al., 2026g; Wu et al., 2024; Xian et al., 2026). Recent reviews have addressed several facets of this
nexus from different perspectives. Shan et al. (2025) systematically synthesized the definitions,
75  classifications, long-term trends, and regional characteristics of heatwaves, and assessed their impacts
on air pollution and human health, underscoring the strong temperature dependence of O3 pollution
and the potential suppression of O3 enhancement under extreme heatwave. Yang et al. (2026a) focused
on the temperature dependence of BVOC emissions in China, reviewing the physiological and
environmental controls of major BVOC species, particularly isoprene and monoterpenes, as well as
80 the approaches used to characterize and parameterize their temperature responses and the consequent
implications for air quality. Other recent global reviews have examined the broader associations
between intensified heatwaves and air quality, emphasizing the roles of meteorological conditions,
photochemical processes, atmospheric stagnation, and compound climate extremes in modulating O3
and particulate pollution (Wang et al., 2026¢). Overall, these studies have considerably enriched our
85  understanding of the discrete components within the heatwave-VOC-air quality framework. However,
a comprehensive synthesis that connects heatwave-induced changes in VOC emissions and source
contributions with subsequent atmospheric transformation processes and secondary pollutant

formation remains limited.

In this review, we summarize recent advances in understanding the impacts of heatwaves on VOC-
90 related atmospheric processes, with particular emphasis on emission responses, source variations, and
atmospheric transformation mechanisms. Specifically, (i) summarize the definitions, characteristics,
and recent trends of heatwave events to provide the climatic context for investigating heatwave-driven
changes in atmospheric chemistry; (ii) characteristics of ambient VOC species under heatwaves; (iii)
critically assess the methodological approaches used to quantify heatwave impacts on VOC emissions;
95 and (iv) review the mechanisms through which heatwaves influence VOC atmospheric transformation,
with a focus on VOC-to-O3 and VOC-to-SOA pathways, covering their impacts on atmospheric

oxidative capacity, O3 formation regime, gas-particle partitioning, and multiphase chemistry. This
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review offers a systematic framework for understanding how heatwaves modulate VOC-driven
secondary pollution formation, clarifies the complex interactions among temperature-driven emissions,
100  atmospheric chemistry, and physicochemical processes, and highlights key knowledge gaps requiring

further investigation under a changing climate.

2 Methods
This study conducted a comprehensive literature search using major academic databases, including
ScienceDirect (Elsevier), Web of Science, ACS Publications, and Wiley Online Library. The search
105  strategy employed keywords such as volatile organic compounds (VOC), heatwaves, high temperature,
ozone/O3 pollution, atmospheric transformation mechanisms, source apportionment/analysis methods
(e.g., PMF), and temperature-dependent emissions. Relevant publications were systematically
reviewed, with particular emphasis on the key processes associated with enhanced VOC emissions
under high-temperature heatwaves. A total of 287 papers were reviewed in this work, of which 191
110  were published from 2020 to 2026, accounting for ~67% of the total, while 113 were published
between 2024 and 2026, accounting for ~39%. Literature covered multiple regions, with studies
concentrated mainly in China, the United States, and Europe, alongside a number of global-scale
studies.

3 Definitions of heatwaves

115  Currently, there is no globally agreed standard for heatwave definition, and substantial discrepancies
persist among the criteria employed by international organizations, countries, and regions (Bunting et
al., 2024; Marx et al., 2021; Perkins-Kirkpatrick and Lewis, 2020). Existing approaches to heatwave
definition can generally be divided into two categories (Wang et al., 20261).The first relies on relative
climatic thresholds, defining heatwave events based on historical statistical percentiles derived from

120  long-term regional observations, an approach widely adopted in the United States and by major
international meteorological agencies (Fischer and Schir, 2010; Hirsch et al., 2019; Perkins and
Alexander, 2013; Russo et al., 2015; Smith er al., 2013). The second, in contrast, employs fixed
absolute thresholds, using predetermined temperature thresholds and minimum duration criteria to

identify heatwave events. In China, one heatwave is defined as a period of at least three consecutive

125  days with daily maximum temperatures reaching 35°C or above (Jiang et al., 2019; Yang et al., 2019),
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whereas in many Europe countries, thresholds are often set at above 25 °C. These criteria are widely
used in routine meteorological monitoring and early-warning systems (Kanti et al., 2022; Nairn et al.,
2022; Perkins, 2015; Robinson, 2001). Some countries further adopt region-specific temperature
thresholds based on local climatic characteristics to more accurately identify heatwave events (Guo et
130  al., 2023; Xie and Zhou, 2023; Robinson, 2001). The specific criteria used by different organizations

and countries to define heatwave events are summarized in Table 1.

In the literature we reviewed, only 75 papers provided a clear definition of heatwaves (Table S1). ~72%
of these papers explicitly defined heatwave events, and ~43% of them employed historical statistical
thresholds derived from long-term regional climate observations. The 90th percentile of maximum
135  temperature was the most frequently employed relative threshold, adopted by ~12 papers. However,
26 literature applied absolute temperature thresholds, with >35 °C being the most commonly used
criterion. Heatwave duration exhibited considerable variation across studies, with 2-5 days being the
most frequently specified interval, although a few studies also considered single-day extreme heat
events. The reported temperature thresholds ranged from 28 to 39 °C, reflecting substantial regional
140  climatic diversity. This underscores the importance of accounting for local climatic conditions in
defining extreme heat events (Shan et al., 2025; Wang et al., 2017; Yang et al., 2019). Overall, while
existing studies share a broadly consistent conceptual framework for heatwave definition, the specific
criteria, particularly temperature thresholds and duration, vary considerably across study region,
spatial/temporal scales, and research objectives. Such heterogeneity hampers cross-regional
145  comparability and reinforces the urgent need for a standardized, globally adaptable framework for

heatwave identification (Conti et al., 2022; Xu et al., 2016).

4 Trends of heatwaves

4.1 Global heatwave occurrence and trends

In recent decades, global heatwaves have increased in frequency, intensity, spatial extent, and duration
150  (Bekris et al., 2026; Perkins et al., 2012). Between 1950 and 2017, global heatwave days increased by
2.26 days per decade, while cumulative heat increased by 2.84 °C per decade (Perkins-Kirkpatrick and

Lewis, 2020). Heatwave duration increases nonlinearly with climate warming, with this acceleration
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intensifying under higher baseline temperatures (Han et al., 2022; Martinez-Villalobos et al., 2024,
Perkins-Kirkpatrick and Gibson, 2017). Under the anthropogenic forcing, continental heatwaves have
155  progressively shifted toward the equator, while the percentage of global land area affected by severe
heatwaves has increased by approximately threefold since the early twentieth century (Barriopedro et
al., 2023; Feng et al., 2025; Zhou et al., 2019). Pronounced increases in heatwave duration have been
observed across Eurasia, North America, Africa, South America, and parts of West Asia (including the
Middle East), along with widespread rises in cumulative heat intensity (Cai et al., 2024a; Wei et al.,
160  2025). Marine heatwaves have also increased in frequency, intensity, and duration, while the Arctic
has warmed at a rate far exceeding the global average, accompanied by substantial sea-ice loss and
associated positive climate feedbacks (IPCC, 2023a; Oliver et al., 2018; Previdi et al., 2021; Yao et al.,
2020). Heatwave characteristics also differ between arid and humid regions, with greater frequency
observed in the former (Wang et al., 2024a). Heatwaves involve three key processes: horizontal
165  advection of warm air, adiabatic warming in subsiding air, and diabatic heating near the surface, with
their relative importance varying regionally (Mayer and Wirth, 2025). Atmospheric circulation, land-
atmosphere interactions, and soil-moisture feedbacks also modulate heatwave development (Adeyeri
et al., 2025; Mayer and Wirth, 2025; Miralles et al., 2019; Réthlisberger and Papritz, 2023). Overall,
continued global warming is projected to substantially increase the frequency and intensity of heat
170  extremes, with the magnitude of change increasing at each additional warming level. An extreme
temperature event that occurred once every 10 years in the 1850-1900 climate is projected to occur
about 4.1 times per decade at 1.5°C warming, 5.6 times per decade at 2°C, and 9.4 times per decade at
4°C, while its intensity is projected to increase by approximately 1.9°C, 2.6°C, and 5.1°C, respectively
(IPCC, 2023a).

175 4.2 Heatwave occurrence and trends across regions
Heatwave trends across countries are broadly shaped by global warming, yet their frequency, duration,
intensity, and seasonality exhibit marked regional contrasts, owing to difference in latitude, topography,
atmospheric circulation, and human factors. China stands out as one of the regions most profoundly
affected by shifting heatwave patterns, with substantial increases in frequency and severity since the
180  1990s (Bian et al., 2022; Li and Amatus, 2020; Lin et al., 2020; Liu and Li, 2025; Wu et al., 2023a).

Heatwave occurrence in China exhibits pronounced spatial heterogeneity, with the Yangtze River
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Basin (YRB), the Sichuan Basin, and southern China identified as major hotspots (Liu and Li, 2025).
In northern China, heatwaves mainly occur in early summer, typically featuring larger diel temperature
variability and higher peak intensity, whereas in southern China, they are concentrated in late summer
185  (July-August), characterized by humid heat and a high frequency of tropical nights (Chen et al., 2023;
Ding et al., 2024; Li et al., 2021; Wei et al., 2023; Zang et al., 2021). The frequency of compound
heatwave events in China has steadily increased since the mid-1990s (Chen and Li, 2017; Su and Dong,
2019). These events encompass the co-occurrence of extreme heat with different environmental
stressors, including drought, high humidity, air pollution, and nighttime heat, such compound events
190  can produce amplified impacts on human compared with individual extremes (Chen, 2023; Hao et al.,

2022; Su et al., 2025).

European heatwaves have undergone marked long-term intensification and seasonal expansion, with
southern, central, and parts of northern Europe experiencing the most pronounced changes (Boboc et
al., 2025; Lhotka and Kysely, 2022; Rousi et al., 2022). From 2012 to 2020, western Europe
195  experienced an increase in heatwave days at an estimated rate of 4.7 days per decade (Deng et al.,
2022). Long-term observations have also indicated that 2011-2021 was one of the most active periods
for heatwaves in Europe over the past century (Boboc et al., 2025). Heatwaves in Europe extend over
a broad seasonal window, with increasing frequency observed from mid-to-late spring through early
autumn (Boboc et al., 2025). European heatwaves are commonly associated with persistent high-
200  pressure systems, subsidence, and warm-air advection, which can promote and sustain prolonged
periods of extreme heat (Adeyeri et al., 2025; Feser et al., 2024). Moreover, the probability of such

events is expected to rise further under projected warming (Ma et al., 2020; Russo et al., 2015).

Heatwave frequency in the United States has risen substantially since the mid-20th century, reaching
about six events per year on average during the 2010s (Bhattarai et al., 2025). Historical heatwaves
205 across the United States have become more frequent and intense, with particularly pronounced
increases in the western and southwestern regions (Bhattarai et al., 2025; Oswald, 2018; Comeau et
al., 2026). The characteristics of dry and humid heatwaves exhibit marked regional differences across
North America (Yeo et al.,, 2026). Dry heatwaves in the southern United States are typically

longer-lasting and more spatially extensive. However, humid heatwaves are more frequent in
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210  northwestern North America and feature stronger warming and greater humid-heat stress than dry
heatwaves (Yeo et al., 2026). Heatwaves in the United States also exhibit pronounced diel contrasts
(Thomas et al., 2020). Inland cities generally exhibit greater heatwave intensity, whereas the South

Coast experiences more persistent nighttime heatwaves (Bhattarai et al., 2025; Hulley et al., 2020).

In South America, the intensity and persistence of heatwaves increased substantially during 1979-2019,
215  and heatwaves frequently occurred in conjunction with drought conditions (De Paula Corréa, 2025,
Marengo et al., 2026). In the tropical monsoon regions of Southeast Asia (e.g., Thailand, Vietnam, and
Myanmar), heatwaves are influenced by long-term warming trends, large-scale circulation patterns,
and climate modes such as El Nifio (Thirumalai et al., 2017; Wang et al., 2026h; Lyu et al., 2024).
Extreme heat substantially alters regional vegetation physiology and atmospheric VOC emissions (Bao
220  etal., 2026; Janyasuthiwong et al., 2022). In India, heatwave frequency, total duration, and maximum
event duration have all risen, driven primarily by climate modes including the El Nifio-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) (Lakshmi et al., 2026; Rohini et al., 2016).
Although heatwave studies have been conducted in Africa, long-term, high-quality ground-based
observations remain scarce, underscoring the need for further research across the region (Ceccherini
225 et al., 2017; Chen and Wang, 2026; Kaspar et al., 2022). Overall, anthropogenic global warming
primarily drives increases in heatwave frequency, duration, and intensity, while regional heatwave
characteristics are shaped by large-scale circulation, air-sea interactions, land-atmosphere feedbacks,

and urban heat-island effects (Barriopedro et al., 2023; Bi et al., 2026; IPCC, 2023a; Ramamurthy and

Bou-Zeid, 2017).

230 5 Heatwave-induced changes in ambient VOCs

A literature review reveals that studies providing ambient VOCs data during heatwave events remain
scarce. This study primarily involves six papers covering cities in China, South Korea, and the United
Kingdom (UK), as shown in Table S2. Compared with non-heatwave periods, total VOCs (TVOCs)
concentrations during heatwaves show a clear increasing trend (Churkina et al., 2017; Garg et al., 2026;
235  Qin et al., 2025), with the dominant VOC groups being alkanes, alkenes and alkynes, aromatics, and
oxygenated VOCs (OVOCs). For example, during the 2020 heatwave in Shanghai, China, the average

concentrations of alkanes, alkenes and alkynes, aromatics, and OVOCs were 40.2, 14.2, 3.6, and
9
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11.6 ppbv, respectively (Meng et al., 2023). There were substantial differences in the dominated VOC

groups across different cities. For instance, in Chengdu, China, alkanes remained the dominant
240  component during heatwaves, accounting for 68.1% and 72.5% of total VOCs in 2021 and 2022,

respectively (Kong et al., 2025). However, in Xuzhou, China, the primary VOC group during

heatwaves was OVOCs, contributing more than 50% of TVOCs (Zhang et al., 2024a). At most

European sites, OVOCs also dominated TVOCs during heatwave events, reaching ~56% (Aas et al.,

2026). Additionally, in Nantong, China, halocarbons accounted for a relatively high proportion of
245  28.9%, second only to alkanes at 31.9% (Chu et al., 2022).

The mixing ratios of dominated ambient VOC species during heatwave events from the six reviewed
papers are shown in Fig. 1. During heatwaves, the average mixing ratios of acetone (4.14 ppbv), ethane
(3.89 ppbv), propane (2.92ppbv), and acetaldehyde (2.59 ppbv) were remarkedly higher than those of
any other species. The dominant VOC species exhibited substantial inter-city variability. For example,
250 ethane and propane concentrations were substantial higher than any other species in Seoul, Chengdu,
and Chonggqing (Gil et al., 2026; Wang et al., 2024d). However, some cities were featured by OVOCs
as the dominant VOC group. For instance, in Zaozhuang, China, acetone and acetaldehyde dominated
during both dry and humid heatwaves, whereas in Essex, UK and in Nantong, China, acetone also
showed the highest observed values (Lee et al., 2006; Wang et al., 2026a). Additionally, alkene also
255  has considerable concentration under heatwaves. For example, ethylene concentrations in Chengdu,
Seoul, and Zaozhuang were 1.66, 3.41, and 1.09 ppbv, respectively (Gil et al., 2026; Kong et al., 2025;
Wang et al., 2026a). In European report, ethylene could account for ~15% of the total C2-C6

non-methane hydrocarbon mixing ratio (Aas et al., 2026).

In summary, during heatwaves, urban ambient VOCs concentrations commonly show a substantial
260 increase, yet their chemical composition showed substantial inter-city variability. Alkanes dominate in
some cities (e.g., Chengdu and Shanghai), while OVOCSs prevail as the primary components in others
(e.g., Xuzhou and European sites), and halocarbons also make notable contributions in particular
locations (e.g., Nantong). This pronounced regional heterogeneity suggests that heatwaves affect urban
VOCs composition in a complex, context-dependent manner. Future work should therefore integrate

265  more observational data from a broader range of cities to better constrain the underlying mechanisms.
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6 Effects of heatwaves on VOC emissions

6.1 Methods for investigating the effects of heatwaves on VOC emissions

Current methods for assessing heatwave impacts on VOC emissions encompass field observations and
270  controlled experiments (Aas et al., 2026; Huang et al., 2022; Tan et al., 2021), emission

parameterizations (Bourtsoukidis et al., 2024; Guenther et al., 1993; Wu et al., 2024), source

apportionment (Diao et al., 2025; Niu et al., 2021; Song et al., 2019), and observation-constrained

inverse modelling (Feng et al.,, 2024; Li et al., 2025a, 2026). These approaches provided

complementary insights and are often integrated and cross-validated to refine our understanding of

275  VOC emission responses, source variations, and their key drivers during heatwave events.

6.1.1 Field observations and controlled experiments
Field observations conducted at monitoring sites capture VOC variations under actual atmospheric
conditions, where source emissions, atmospheric transport, dispersion, and chemical processing jointly
influence observed VOC concentrations (Pfannerstill et al., 2024; Zeng et al., 2025). Field observation
280 methods involved analyzing the differences in VOC species concentrations and species composition
between heatwave periods and non-heatwave periods, to assess the impact of high temperatures on
VOC emission (Aas et al., 2026; Ferracci et al., 2020; Salvador et al., 2025). For instance, field
observations by Zhang et al. (2024a) showed that during a heatwave in Xuzhou, TVOC concentration
increased from 14.0 to 18.5 ppbv, with isoprene exhibiting the most pronounced response to high
285  temperatures, its peak concentration nearly doubled compared to that during non-heatwave periods.
Additionally, acetone, a typical anthropogenic OVOC tracer, also showed a clear temperature
dependence during the heatwave period. Pfannerstill et al. (2024) found that emissions of isoprene,
monoterpenes, sesquiterpenes, toluene, ethanol, and para-chlorobenzotrifluoride (PCBTF) increased
with rising temperature. Furthermore, other studies have used long-term continuous VOCs and
290  meteorological observations to analyze relationship between VOC species variations and temperature
(Debevec et al., 2021; Liu and Jaffe, 2026). According to long-term VOC measurements (2012-2014)
at the Ersa background station in Corsica, France, Debevec et al. (2021) found that three common
BVOCs, isoprene, o-pinene, and camphene, exhibited substantial seasonal and interannual variations,

which were closely related to changes in temperature and solar radiation, further indicating that

11
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295  temperature and radiation conditions are important meteorological factors regulating ambient BVOC

variability.

However, controlled experiments regulate environmental variables, e.g., temperature, radiation, and
humidity, under controlled conditions to isolate temperature effects and elucidate the underlying
mechanisms governing VOC emissions from specific sources or individual emission processes
300 (Nagalingam et al., 2023; Yafiez-Serrano et al., 2019). Depending on the emission source, temperature-
response measurements are conducted using environmental chambers or branch- and whole-plant
enclosure systems for vegetation (Birami et al., 2021; Lin et al., 2019), vehicle and fuel evaporation
experiments for vehicular emissions (Huang et al., 2022; Rubin et al., 2006), and volatilization

experiments involving solvents and VCPs (Tan et al., 2021).

305  6.1.2 Emission parameterization
The principle is to establish quantitative functions describing the relationships between VOC emission
rates and key influencing factors such as temperature, solar radiation, vegetation conditions, and
compound volatility, based on emission responses derived from observations or experiments (Guenther
et al., 1993, 2012; Huang et al., 2022, 2015). These parameterizations are subsequently incorporated
310  into emission inventories and chemical transport models (CTMs) to estimate VOC emission variations

under different meteorological conditions (Xu et al., 2025; Yan et al., 2021).

For BVOCs, empirical temperature response functions were initially developed to describe the
responses of isoprene and monoterpene emissions to temperature and light, which ultimately led to the
widely used BVOC emission parameterization schemes, exemplified by the G93 approach (Geron et
315  al, 1994; Guenther et al., 1993, 1995). Isoprene emissions are commonly parameterized using light-
and temperature-dependent response functions (Table S3), with key inputs including the standard
emission factor, photosynthetically active radiation, leaf temperature, light saturation parameters, and
the temperature optimum. In contrast, monoterpene emissions were commonly modeled using an
exponential temperature response function (Table S3), with key parameters including the standard
320 emission factor, current/reference temperature, and the S temperature response coefficient (Guenther

et al., 1993). However, the temperature responses of BVOC emissions vary substantially among plant

12
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species, ecosystem types, and compound classes, making a single temperature response coefficient
insufficient to represent emission variability under complex environmental conditions (Bourtsoukidis
et al., 2024; Komenda and Koppmann, 2002; Li et al., 2025¢; Zeng et al., 2025). Advances in
325 understanding of BVOC emission mechanisms have driven a gradual shift in parameterization schemes,
from simple empirical temperature functions toward more process-based approaches. Process-oriented
models like the Model of Emissions of Gases and Aerosols from Nature (MEGAN) incorporate
temperature and other controlling factors (i.e., radiation, leaf area index, plant functional types, and
plant physiological status), thereby providing a mechanistic description of BVOC emissions. In these
330 models, temperature response factors are partitioned into light-dependent and light-independent
components. The former accounts for the enzymatic temperature response of de novo synthesized
BVOCs (e.g., isoprene), while the latter applies exponential functions to represent the temperature
dependence of stored or volatility-driven compounds (e.g., monoterpenes) (Guenther et al., 2006, 2012;
Sindelarova et al., 2014; Wang et al., 2024c). Current temperature correction factors are mainly derived
335  from a limited number of plant species and ecosystems. Consequently, uncertainties remain regarding
species-specific responses, shifts in plant functional types, and vegetation structure changes under

future climate scenarios.

For AVOCs, temperature-dependent parameterizations have been primarily applied to several
temperature-sensitive source categories, including vehicular evaporative emissions, fuel storage,
340 solvent use, coating applications, and VCP emissions (Table S3). Vehicular evaporative VOC
emissions are one of the best-constrained temperature-sensitive processes among anthropogenic
sources. Vehicle emission measurements and inventory methodologies have demonstrated that ambient
temperature, fuel vapor pressure, fuel composition, and vehicle emission standards strongly influence
evaporative emission factors and their temperature dependence (EEA, 2019; Huang et al., 2022; Lu et
345  al., 2025; Wu et al., 2024). Fuel storage VOC emissions are also strongly associated with ambient
temperature, fuel vapor pressure, and storage tank characteristics. Therefore, emission estimation
approaches typically incorporate tank configuration, fuel properties, meteorological conditions, and
operational parameters into inventory frameworks (US EPA, 2024; Wang et al., 2021b; Yang et al.,
2024). For solvent use, coating applications, and other VCP emissions, increasing temperature

350 promotes VOC release by elevating organic vapor pressures, enhancing internal diffusion, and

13



https://doi.org/10.5194/egusphere-2026-5989
Preprint. Discussion started: 20 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

accelerating surface volatilization (Huang et al., 2015; Mo et al., 2021; Wu et al., 2024; Xu et al., 2025).
Overall, existing AVOC temperature-dependent parameterizations, largely derived from typical
meteorological conditions or limited experimental datasets, resulting in substantial uncertainties in
representing the temperature sensitivity of emerging anthropogenic sources, particularly VCP

355  emissions, under extreme heatwave conditions.

6.1.3 Source apportionment
The approach typically used observed VOC species concentrations as inputs for source apportionment
models to quantify source contributions, while also incorporating meteorological variables such as
360 temperature, solar radiation, and boundary layer height, to investigate variations in VOC source
contributions under heatwave conditions (Diao et al., 2025; Song et al., 2019). Among current source
apportionment methods, Positive Matrix Factorization (PMF) is one of the most widely applied
methods for VOC source identification (Yang et al., 2022). PMF decomposes the observed or initial
VOC (i.e., ambient concentrations that would have been present at the monitoring site had they not
365 undergone chemical processing in transit from the sources) concentration matrix into source profile
and contribution matrix, therefore identifying major emission categories based on tracer species
(Hopke, 2016; Paatero and Tapper, 1994). This apportioned results provide a basis for assessing the

responses of different emission sources to elevated temperatures (Liu et al., 2023; Song et al., 2019).

PMF-based studies generally establish the relationship between heatwaves and VOC source variations
370  through two methods. The first approach relates PMF-resolved source contributions to temperature
and other meteorological variables through temperature-stratified (Song et al., 2019) or multivariate
analyses (Chen et al., 2024c), thereby characterizing source-specific associations with temperature.
The second method splits observation periods into heatwave and non-heatwave episodes, directly
compares differences in source contributions between the two periods, thereby identifying emission
375  sources with the strongest enhancements and their relative importance during heatwave episodes
(Kong et al., 2025; Niu et al., 2021; Qu et al., 2025). Additionally, ambient VOCs can undergo
substantial photochemical losses during transport from the emission sources to the observation sites
(Gu et al., 2025; Yang et al., 2022; Yuan et al., 2012). Under heatwave conditions, enhanced solar

radiation and atmospheric oxidative capacity can accelerate the photochemical losses of reactive VOCs
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380 (Kongetal., 2025; Liu et al., 2023). Therefore, source apportionment based on the observed data could
underestimate the contributions of highly temperature-sensitive emission sources (Gu et al., 2023; Liu
etal., 2023,2024; Wu et al., 2023b). To address this issue, a photochemical age-based parameterization
method has been applied to estimate the initial concentrations of ambient VOCs and correct for
photochemical losses, with the corrected data then incorporated into PMF source apportionment

385 (termed IC-PMF). However, given that the chemical losses of VOCs during transport from emission
sources to receptor sites are actually the true contributors to concurrent O3 or SOA formation, Gu et al.
(2023) and Cui et al. (2024) developed a consumed-VOC source apportionment approach (i.e.,
C-PMF). Diao et al. (2025) further used the C-PMF results, combined with atmospheric temperature
data, to systematically analyze the effects of high temperatures on the consumption of VOCs emitted

390 from different sources. Nevertheless, relevant studies remain fewer.

Overall, source apportionment is an effective tool for identifying VOC sources and quantifying their
temperature sensitivities during heatwave events. However, their reliability remains dependent on
quality of measurement data and underlying statistical assumptions, and their ability to resolve
complex regional transports and atmospheric chemical transformations remains limited.
395
6.1.4 Observation-constrained inverse modeling
Inverse modeling has emerged as an important approach for quantitatively assessing VOC emissions
and their responses to environmental changes. Unlike emission parameterization approaches, which
rely on predefined emission factors and temperature response functions (Guenther et al., 1993; Xu et
400  al.,, 2025), inverse modeling starts from atmospheric observations and uses CTMs to establish the
relationship between source emissions and ambient receptor concentrations (Li et al., 2025a; Oomen
etal., 2024; Xu et al., 2026). Inverse methods minimize the mismatch between modeled and observed
concentrations, thereby updating prior emission inventories to yield posterior estimates that more

closely reflect ambient conditions (Stavrakou et al., 2009, 2015).

405  Among current reports, isoprene represents the most extensively investigated compound (Bauwens et
al.,, 2016; Kaiser et al., 2018). Early studies primarily used satellite-derived HCHO column

observations from instruments (e.g., the Global Ozone Monitoring Experiment (GOME) and the Ozone
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Monitoring Instrument (OMI) to constrain regional and global emissions of isoprene and other BVOCs,
as well as some non-methane volatile organic compounds (NMVOCs) (Millet et al., 2008; Palmer et
410  al., 2006). These satellite-based constraints have been widely applied to evaluate and/or improve
process-based emission models (e.g., MEGAN) and bottom-up emission inventories (Bauwens et al.,
2016; Kaiser et al., 2018). With the development of next-generation satellite observations, including
the Tropospheric Monitoring Instrument (TROPOMI) and the Cross-track Infrared Sounder (CrIS),
inverse modeling methods have expanded from HCHO-based indirect constraints to multi-species
415  constraints using HCHO-CHOCHO combinations and direct retrievals of isoprene columns,
improving the capability to resolve the spatial and temporal variability of different VOC sources
(Oomen et al., 2024; Sfendla et al., 2026; Xu et al., 2026). Furthermore, inverse modeling could
identify the impacts of temperature variability on VOC emissions by examining interannual anomalies
and extreme climate events (Li et al., 2026; Stavrakou et al., 2018). For example, Li et al. (2025a) used
420  CrlS-derived isoprene column observations to infer enhanced emissions during the 2015-2016 El Nifio

event and the 2019-2020 extreme heat event.

Overall, current VOC inverse modeling methods largely rely on satellite-derived secondary products,
such as HCHO and CHOCHO, which provide strong constraints on reactive VOCs (e.g., isoprene) but
remain limited for less reactive VOCs and complex anthropogenic sources. Moreover, satellite-derived
425  emission estimations were subject to uncertainties from atmospheric chemical processes and retrieval
limitations. Despite these challenges, observation-constrained inversion offers unique advantages for

investigating large-scale VOC emission variability.

6.2 Effects of heatwaves on AVOC sources
430  Heatwaves are a major meteorological driver of AVOC emissions (Qin et al., 2025; Xian et al., 2026).
Unlike emissions, which are primarily controlled by activity levels and energy consumption, elevated
temperatures directly alter the volatilization and mass transfer of organic compounds, thereby
enhancing the release of various temperature-sensitive AVOCs (Qu et al., 2025; Wu et al., 2024). In
recent years, increasing frequency and intensity of global heatwave events have drawn growing
435  attention to heatwave-driven changes in AVOC emissions (Diao et al., 2025; Huang et al., 2015; Zhu

et al., 2024) (Table S4). Current studies suggests that AVOC concentrations, emission fluxes, or source
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contributions can increase to varying degrees during heatwave events (Kong et al., 2025; Song et al.,
2019). However, the magnitude of these changes is highly variable and depends on regional emission
source profiles, pollution control levels, and heatwave intensity (Aas et al., 2026; Dufresne et al., 2025;

440  Qin et al., 2025).

Solvent use, VCPs, fuel storage and handling, and vehicular evaporative emissions are among the most
well-established temperature-sensitive AVOC sources (Huang et al., 2015; Lu et al., 2025; Tan et al.,
2021; Yang et al., 2024; Yue et al., 2020). Solvent use and VCPs represent the typical volatilization-
driven anthropogenic VOC sources, and their temperature dependence is governed by the volatility of
445  organic constituents, product usage patterns, vapor pressure, and gas-liquid/gas-solid mass transfer
processes (McDonald et al., 2018; Seltzer et al., 2021). Given that VCPs are typically emitted in open
or semi-open environments during application and curing, elevated ambient temperatures directly
accelerate VOC volatilization and diffusion (Gkatzelis et al., 2021; Pfannerstill et al., 2024; Zhu et al.,
2024). Wu et al. (2024) found that solvent-used AVOC emissions in the Beijing-Tianjin-Hebei (BTH)
450  region exhibit a strong temperature dependence, with a sensitivity of approximately 5.8% K!. Qin et
al. (2025) further integrated laboratory experiments with modeling analyses and found that an increase
in total VOC emissions by a factor of ~2 from solvent-based paint at 40 °C relative to that at 25 °C. A
recent heatwave study in the Sichuan Basin further reported that solvent-related AVOC emissions
increased by ~21.9% under heatwave conditions, corresponding to an average temperature rise of ~3°C
455  (Xian et al., 2026). In addition, emission experiments on building materials and coatings have shown

that VOC release rates rise with temperature (Huang et al., 2015; Tan et al., 2021; Xiong et al., 2013).

Both fuel storage/handling processes and vehicular evaporative sources show pronounced temperature
dependence (Rubin et al., 2006; Wang et al., 2021b; Yang et al., 2024; Zhang et al., 2024b). Vehicular
evaporative fuel emissions are primarily governed by fuel volatility and composition, fuel and ambient
460  temperatures, fuel-tank headspace volume, and the performance of evaporative emission-control
systems (Huang et al., 2022; Yue et al., 2020; Zhang et al., 2024b). Increasing temperatures raise the
vapor pressure of volatile fuel components and promote their partitioning into the fuel-tank headspace,
thereby increasing vapor generation and potentially enhancing diurnal, hot-soak, and running-loss

emissions (Lu et al., 2025; Rubin et al., 2006; Yan et al., 2021; Yang et al., 2024). Huang et al. (2022)
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465  conducted variable-temperature sealed-chamber experiments and reported a strong temperature
dependence of vehicle evaporative hydrocarbon emissions, with values at 313K being 12.3-26.7 times
those at 298K. Wu et al. (2024) further quantified the temperature sensitivity of vehicular emissions,
showing that traffic-related AVOC emissions in the BTH region increased by up to 9.7% K! with rising
temperature. In the Sichuan Basin, traffic-related evaporative AVOC emissions were approximately

470  26.7% higher during heatwave than under non-heatwave conditions (Xian et al., 2026). National-scale
road traffic emission inventories for China further indicated that higher summer temperatures
substantially boost vehicular evaporative emissions, resulting in actual emissions that exceed
uncorrected baseline estimates (Yan et al., 2021). For fuel storage emissions, data from floating-roof
tank observations suggested that elevated storage temperatures remarkedly enhance standing and rim-

475  seal losses, implying that fuel storage and handling operations contribute substantially to AVOC

emissions under heatwave conditions (US EPA, 2024; Wang et al., 2021b; Yang et al., 2024).

However, combustion-related sources (e.g., vehicle exhaust and industrial combustion,) generally
exhibit lower direct temperature sensitivity than volatilization-driven sources (Diao et al., 2025;
Pfannerstill et al., 2024; Wu et al., 2024). These emissions are primarily governed by fuel consumption,
480  combustion conditions, emission standards, and activity levels, but are largely independent of ambient
temperature (Qu et al., 2025; Xu et al., 2025; Yan et al., 2021). Nevertheless, extreme heatwaves might
indirectly affect certain combustion-related emissions through increased cooling demand, higher
electricity loads, changes in transport activity, and industrial operational adjustments (Chen et al.,

2024b; Li et al., 2024).

485

6.3 Effects of heatwaves on BVOC sources

Temperature is a key environmental driver of BVOC emissions (Bourtsoukidis et al., 2025; Chen et
al., 2026; Yang et al., 2026a). These emissions are directly governed by plant physiological processes,
including photosynthetic metabolism, enzyme activity, leaf temperature, stomatal behavior, and stress
490  responses, and thus respond more rapidly and sensitively to temperature changes than to other
environmental factors (Guenther et al., 2006; Pefiuelas and Staudt, 2010). At global and regional scales,

isoprene, monoterpenes, sesquiterpenes, and selected OVOCs consistently show strong temperature
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dependence (Table S5). This relationship is embedded in widely used BVOC emission models (e.g.,
MEGAN) and serves as a key parameterization basis for interpreting seasonal, spatial, and interannual

495  variability of BVOC emissions (Chen et al., 2026; Guenther et al., 2012; Seco et al., 2022; Sindelarova
et al., 2014; Wang et al., 2024b, c).

Isoprene is among the most temperature-sensitive and extensively studied BVOCs (Debevec et al.,
2021; Guenther et al., 1993, 2012; Seco et al., 2022). It is synthesized de novo in leaves and rapidly
emitted, with emissions closely tied to leaf temperature, light availability, and enzymatic activity (Li
500 etal, 2011; Yafiez-Serrano et al., 2019). Numerous studies show that isoprene emissions rise rapidly
with leaf temperature and photosynthetically active radiation (PAR) within the optimal physiological
temperature range (Angot et al., 2020; Lin et al., 2019). For instance, Seco et al. (2022) found that
experimental warming by 2 °C and 4 °C increased isoprene emissions from Arctic tundra vegetation
by approximately 41% and 87%, respectively. Recent satellite-based inversion studies further show
505 that isoprene emissions in the YRB and Sichuan-Chonggqing regions increased by more than 130% in
2022 under elevated temperature conditions relative to the 2020-2021 average, with enhancements
exceeding 150% during extreme heat events (Wang et al., 2026d). However, isoprene emissions do not
increase indefinitely with temperature but instead show strong nonlinearity (Li et al., 2011; Wang et
al., 2024b). When temperatures reach or exceed plant physiological tolerance limits, suppressed
510  photosynthesis, altered enzymatic activity, and thermal damage can cause emissions to plateau or
decline (Wang et al., 2024b; Yang et al., 2026a; Zeng et al., 2025). Heatwaves and compound
heatwave-drought stress add further uncertainty to isoprene emission responses (Chen et al., 2026; Li
et al., 2025c). Short-term warming may stimulate isoprene synthesis and release, and isoprene
emissions may even increase as photosynthetic carbon assimilation declines (Bamberger et al., 2017,
515  Yafiez-Serrano et al., 2019). However, prolonged heat stress or water limitation reduces carbon
availability and metabolic capacity, thereby constraining further emission increases (Ferracci et al.,

2020; Li et al., 2025¢).

The temperature response of monoterpene emissions can be divided into two categories. For plant
species containing specialized storage structures, such as resin ducts, oil glands, or glandular trichomes,

520 elevated temperatures accelerate volatilization and diffusion, thereby facilitating the rapid release of
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stored terpenoids (Birami et al., 2021; Nagalingam et al., 2024; Zeng et al., 2026a). Consequently,
emissions of stored monoterpenes typically exhibit an exponential increase with temperature
(Bourtsoukidis et al., 2024; Lindwall et al., 2016; Nagalingam et al., 2023). For instance, Komenda
and Koppmann (2002) observed strong temperature dependence for individual monoterpene emissions
525  in field measurements of Scots pine, with 3 temperature coefficients ranging from 0.08 to 0.13 K!.
Bourtsoukidis et al. (2024) later reported a widespread temperature sensitivity across multiple species,
with a mean f of ~0.13 K'!, though substantial variability persisted among plant functional types,
species, and individual compounds. For monoterpenes that rely in part on de novo synthesis pathways,
their temperature responses are further governed by photosynthesis, enzyme regulation, and carbon
530  substrate supply (Staudt et al., 2017). Moderate warming may enhance monoterpene biosynthesis and
release; however, under severe heatwaves, reduced photosynthetic capacity and limited substrate
availability can weaken de novo synthesis and counteract the enhanced volatilization from storage

pools, thereby diminishing or even reversing emission increases (Kleist et al., 2012; Li et al., 2025c¢).

Sesquiterpenes exhibit temperature responses broadly comparable to those of monoterpenes and are
535  routinely parameterized using £ temperature response coefficients (Birami et al., 2021; Lindwall et al.,
2016). However, sesquiterpenes have lower volatility yet higher chemical reactivity than
monoterpenes, which promotes rapid atmospheric oxidation and reduces ambient concentrations,
thereby making their observation and quantification more challenging (Bourtsoukidis et al., 2025).
Moreover, sesquiterpene emissions are strongly modulated by species-specific traits, storage tissues,
540 and physiological processes, leading to considerable variability in reported temperature response

parameters across studies (Bourtsoukidis et al., 2012; Staudt et al., 2017).

In addition to isoprene, monoterpenes, and sesquiterpenes, biogenic OVOCs constitute another
important compound class that warrants attention under heatwave events (Contreras-Serrano et al.,
2025; Werner et al., 2020). Methanol, acetone, acetaldehyde, and other oxygenated compounds arise
545  from plant growth, cell wall metabolism, leaf damage, and stress-induced responses (Birami et al.,
2021; Seco et al., 2007). Their emissions are governed not only by temperature but also by
phenological stage, tissue damage, water availability, and oxidative processes (Schade et al., 2011).

For instance, Cai et al. (2021) found that methanol emissions from spring wheat generally increased
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with temperature over 3-35 °C, while excessive temperatures could either suppress emissions via
550 enzyme inactivation or induce transient bursts from heat injury. Likewise, Hakola et al. (2017)
observed that acetone and C4-Cio aldehyde emissions from Norway spruce were low in spring, rose
progressively through summer, and peaked in July, suggesting a joint regulation by seasonal
temperature changes and plant physiological status. Therefore, biogenic OVOCs are expected to show
enhanced emissions and altered compositions under heatwave; however, their responses remain highly
555  complex and urgently require further quantification through systematic field observations and

controlled experiments.

7 Effects of heatwaves on VOC transformation mechanisms
7.1 Studying methods for transformation mechanisms
560 Heatwave impacts on VOC transformation are governed by multiple coupled processes, including
precursor availability (Pfannerstill et al., 2024; Wang et al., 2026¢), gas-phase oxidation (Aas et al.,
2026; Wang et al., 2022, 2026d), radical cycling (Yang et al., 2025; Zhang et al., 2024a), O3 formation
sensitivity (Liu et al., 2026a; Wang et al., 2026g; Zhou et al., 2026), low-volatility product formation
(Deng et al., 2021; Shahin et al., 2025), gas-particle partitioning (Serrano Dambha et al., 2024; Shiraiwa
565 and Poschl, 2021), and multiphase reactions (DeRieux et al., 2018; Zeng et al., 2026b). Meanwhile,
heatwave events often coincide with enhanced solar radiation, reduced humidity, altered boundary
layer structure, and stagnant meteorology, such that the direct temperature effects on chemistry become
intertwined with concurrent changes in emissions, photolysis, and atmospheric transport (Schnell and
Prather, 2017; Zhao et al., 2019; Zhou et al., 2025). Therefore, the key objective of related studies is
570  not merely to compare O3 or SOA concentrations under high-temperature versus normal conditions,
but rather to identify the temperature-sensitive processes in VOC transformation pathways and to
quantitatively partition the relative contributions of precursor availability, chemical reactions, and
physical transport. Current studies commonly rely on field observations (Fu et al., 2024; Pfannerstill
et al., 2024), smog chamber and reactor experiments (Baker et al., 2024; Deng et al., 2021), box and
575  process-based models (Kong et al., 2025; Shiraiwa and Pdschl, 2021), as well as CTMs (Churkina et
al., 2017; Porter and Heald, 2019; Wang et al., 2026f), to examine heatwave impacts on VOC

transformation mechanisms.
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7.1.1 Field observations

580  Field observations are a fundamental tool for identifying VOC transformation changes during actual
heatwave events (Cai et al., 2024b; Pfannerstill et al., 2024). Typically, studies distinguish heatwave
from non-heatwave periods using temperature thresholds and duration criteria, and then compare
precursor concentrations and composition, oxidation levels, and secondary pollutant formation

between the two periods (Fu et al., 2024; Lee et al., 20006).

585 To investigate VOC-to-O3 transformation, gas chromatography-mass spectrometry (GC-MS) and
proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS) are commonly employed to
characterize variations in VOC concentrations and compositions between heatwave and non-heatwave
periods (Aas et al., 2026; Churkina et al., 2017; Zhang et al., 2024a). These measurements are further
combined with indicators such as OH reactivity (OHR) and ozone formation potential (OFP) to assess

590 changes in highly reactive VOC species and precursor availability under elevated temperatures
(Pfannerstill et al., 2024; Pusede et al., 2014). Additionally, simultaneous measurements of HONO,
carbonyls, O3, photolysis frequencies, and other photochemical parameters can provide additionally
constraints on changes in atmospheric oxidative capacity and O3z formation conditions during
heatwaves (Wang et al., 2026b; Zhou et al., 2025). According to the VOC and NOx measurements,

595  together with direct O3 production rate observations or observation-based statistical diagnostics, field
studies can further evaluate whether O3 formation regimes transition from VOC-limited to transitional
or NOx-limited conditions during heatwaves (Liu et al., 2026a; Pusede and Cohen, 2012; Zhou et al.,
2026). Moreover, the nonlinear Os-temperature relationship can be exploited to identify turning points
in O3 responses to extreme heat, encompassing reduced sensitivity, saturation, or even O3 formation

600  decline at very high temperatures (Fu et al., 2024; Wang et al., 2026b).

For VOC-to-SOA transformation, field observations typically involve measurements of gas-phase
VOCs, semi-volatile and intermediate-volatility organic compounds (S/IVOCs), OVOCs, and particle-
phase organic components. These data are then used to compare changes in precursor composition,
oxidation state, volatility, and organic aerosol composition between heatwave and non-heatwave

605  periods (Cai et al., 2024b; Nie et al., 2022; Zhang et al., 2024c). Combined with analytical techniques
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including aerosol mass spectrometry, chemical ionization mass spectrometry, and thermal desorption
methods, these observations can characterize variations in SOA formation potential (SOAFP),
oxidative processing of organic aerosol, and gas-particle partitioning under elevated-temperature
conditions, thereby evaluating the impacts of heatwaves on SOA formation (Hass-Mitchell et al., 2024;

610  Zengetal., 2026b).

Field observations can directly capture heatwave-induced changes in VOCs and their secondary
products. However, heatwave temperatures often covary with enhanced radiation, boundary layer
evolution, reduced humidity, and regional transport, complicating the isolation of purely temperature-
driven chemical effects from concentration data alone. Moreover, previous studies have mainly
615  focused on individual heatwave events or a limited number of urban regions (Aas et al., 2026; Wang
et al.,, 2026b; Zhang et al., 2024a,c), while long-term continuous observations and coordinated
measurements of key species, including radicals, S/IVOCs, and gas- and particle-phase oxygenated

organic compounds, remain insufficient.

620  7.1.2 Smog chamber and reactor experiments
Smog chamber, oxidation flow reactor, and environmental chamber experiments serve as key
approaches to isolate the direct effects of temperature and to derive mechanistic parameters (Carter et
al., 2002; Deng et al., 2021; Schmedding et al., 2020; Shahin et al., 2025). These experiments typically
regulate temperature, relative humidity, oxidant levels, and other environmental variables
625  independently to examine the temperature dependence of VOC oxidation rates, product distributions,
radical reaction pathways, SOA yields, gas-particle partitioning, and particle-phase reactions (Baker

et al., 2024; Yang et al., 2025).

For VOC-to-Os transformation, smog chamber and environmental chamber experiments are primarily
used to determine O3 formation reactivity of different VOC species, investigate VOC-NOx
630 photochemical processes, and evaluate gas-phase chemical mechanisms (Carter, 2010; Carter et al.,
1995; Morino et al., 2023). A limited number of temperature-controlled studies have compared VOC

consumption, NO-to-NO2 conversion, and O3 formation processes at different temperatures, showing
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that increasing temperature can increase O3 production rates in certain hydrocarbon-NOx systems
(Carter et al., 2002). However, experiments specifically designed to investigate temperature effects on
635 O3 formation remain limited. Changes in O3 production efficiency and VOC-NOx chemical regimes
under realistic heatwave conditions require further investigation by integrating chamber experiments

with field observations and modeling approaches.

For SOA studies, temperature-controlled experiments enable separate assessment of temperature
effects on VOC oxidation, low-volatility product formation, gas-particle partitioning, and multiphase
640  processes (Deng et al.,, 2021; Lannuque et al., 2023; Shahin et al., 2025). By measuring VOC
consumption, oxidation product composition, formation of highly oxygenated organic molecules
(HOMs), and SOA yield variations across different temperatures, these experiments can elucidate the
temperature-modulated shifts in VOC oxidation pathways and the production of low-volatility species
(Deng et al., 2021; Ehn et al., 2014; Zhang et al., 2024c). Meanwhile, simultaneous measurements of
645  gas-phase and particle-phase organic compounds allow characterization of temperature-induced
changes in product volatility, oxidation state, and gas-particle partitioning behavior (Deng et al., 2021;
Lannuque et al., 2023; Odum et al., 1996; Shahin et al., 2025). By controlling temperature, relative
humidity, particle liquid water content, and other environmental parameters, these experiments can
further investigate changes in particle-phase state and their impacts on oxidation product uptake and
650  mass transfer processes under heatwave conditions (DeRieux et al., 2018; Gaston et al., 2014; Li and
Knopf, 2021; Zhang et al., 2018). While these controlled experiments provide direct insights into
temperature-dependent chemical processes, most laboratory studies rely on simplified precursor
systems and aerosol conditions, which limits their representativeness of the full complexity of ambient
heatwave environments.
655
7.1.3 Box models and process-based models
Box models and process-based models are key tools for elucidating the processes governing VOC
chemical transformation and SOA formation under heatwave conditions at the local scale (Kong et al.,
2025; Meng et al., 2023; Shiraiwa and Poschl, 2021). Box models are typically constrained by
660 observational data to simulate gas-phase chemical mechanisms using and to calculate net O3

production rates (Ma et al., 2022; Zhang et al., 2024a). Process-based models primarily describe gas-
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particle partitioning, interfacial mass transfer, reactive uptake, and diffusion and reactions within
particles, thereby investigating the controlling processes of SOA formation and preservation

(Schervish and Shiraiwa, 2023; Zhu et al., 2025).

665  For Os studies, box models typically use observations of VOCs, HONO, Os, photolysis frequencies,
and meteorological parameters during heatwave and non-heatwave periods as input constraints (Coates
etal.,2016; Wang et al., 2022; Zhang et al., 2024a). When coupled with detailed chemical mechanisms
such as the Master Chemical Mechanism (MCM) and Regional Atmospheric Chemistry Mechanism
(RACM), these models simulate the formation, transformation, and loss processes of OH, HO2, and

670 ROz radicals, quantify the reactivity of individual VOC:s, identify key reaction fluxes, and calculate
net O3 production rates, thereby elucidating the influence of heatwaves on O3 formation (Kong et al.,
2025; Meng et al., 2023; Wang et al., 2022; Ye et al., 2023). Further integration with VOC and NOx
reduction scenarios, relative incremental reactivity (RIR), or ozone isopleth analysis enables diagnosis
of whether O3 formation occurs under VOC-limited, transitional, or NOx-limited regimes and how

675  these regimes shift during heatwave events (Coates et al., 2016; Li et al., 2024; Wang et al., 2019).
However, uncertainties in temperature-dependent and photochemically sensitive processes, such as
PAN thermal decomposition, HONO production, and ROz chemistry, still limit quantitative attribution

of heatwave impacts on O3 formation.

For SOA studies, box models generally use observations of VOCs, NOx, oxidants, temperature,
680  humidity, and photolysis frequencies during heatwave and non-heatwave periods as inputs, combined
with detailed gas-phase chemical mechanisms to simulate multigenerational VOC oxidation, HOM
formation, and the production of low-volatility oxidation products (Aas et al., 2026; Schervish and
Shiraiwa, 2023). These approaches allow assessment of the impacts of elevated temperature on VOC
oxidation pathways and product formation (Shen et al., 2024; Zhu et al., 2025). Based on these
685  simulations, the Volatility Basis Set (VBS) framework and absorptive partitioning models further
describe the evolution of product volatility and temperature-driven changes in gas-particle partitioning,
including temperature-induced evaporation of semi-volatile organic compounds and the redistribution
of oxidation products toward lower-volatility species during atmospheric aging (Odum et al., 1996;

Pankow, 1994; Serrano Damha et al., 2024). For particle-phase processes, process-based models,
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690 including resistance models and the KM-GAP kinetic multilayer model, simulate particle-phase mass
transfer and multiphase chemical processes to evaluate how changes in particle viscosity and molecular
diffusion under heatwave conditions influence oxidation product uptake, particle-phase transformation,
and SOA preservation (Li and Knopf, 2021; Schervish and Shiraiwa, 2023; Shiraiwa and Poschl, 2021).
However, uncertainties remain in the representation of S/IVOC oxidation, multigenerational chemistry,

695 HOM formation, and temperature-dependent gas-particle partitioning.

7.1.4 Chemical transport models
The CTMs are essential tools for quantitatively assessing the combined effects of emission changes,
chemical transformation, and physical transport during heatwave events (Pan et al., 2026; Wang et al.,
700  2021a, 2026b,g). Models such as the Weather Research and Forecasting coupled with Community
Multiscale Air Quality (WRF-CMAQ), the Weather Research and Forecasting coupled with Chemistry
(WRF-Chem), and the Goddard Earth Observing System Chemical transport model (GEOS-Chem) are
capable of simulating VOC and NOx emissions, gas-phase photochemistry, SOA formation, boundary
layer mixing, regional transport, and deposition at both regional and global scales (Porter and Heald,
705  2019; Puetal., 2017; Wang et al., 2021a). By designing baseline and sensitivity simulations, in which
temperature-sensitive emissions, heatwave meteorological conditions, and chemical process
parameters are selectively modified, CTMs can quantitatively separate the relative contributions of
emission changes, chemical transformation, and physical transport to variations in Oz and SOA during

heatwave events (Qin et al., 2025; Wang et al., 2026d, 2025).

710  For Os studies, CTMs can quantify the contributions of temperature-driven increases in precursor
emissions, active nitrogen recycling, and enhanced radical chemistry by independently modifying
temperature-sensitive VOC emissions, soil NO emissions, PAN thermal decomposition processes, and
reaction rate parameters (Porter and Heald, 2019; Qin et al., 2025; Wang et al., 2026D, d, f). Meanwhile,
O3 process analysis and sensitivity simulations can further distinguish the contributions of local

715  photochemical production, regional transport, and boundary layer changes to heatwave-associated O3
enhancement (Pan et al., 2026; Wang et al., 2021a; Zhou et al., 2025). In addition, by perturbing VOC
and NOx emissions or applying Empirical Kinetic Modeling Approach (EKMA) curves and

HCHO/NO:z indicators, the models can evaluate shifts in O3 production efficiency and VOC-NOx
26
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sensitivity regimes under heatwave conditions, thereby determining whether O3 formation regimes
720  shift from VOC-limited toward transitional or NOx-limited states (Sun et al., 2026; Wang et al., 2026g,
2025). However, uncertainties in temperature-sensitive emission parameterizations and simplified
representations of key chemical processes, including PAN decomposition and ROz chemistry, still

hinder the robust attribution of heatwave-driven O3 increases.

For SOA studies, CTMs can employ multiple sensitivity simulations to systematically separate the
725  pathways through which heatwaves influence SOA formation (Horne and Dabdub, 2017; Wang et al.,
2026¢). Modifications of meteorological fields and oxidation reaction rates can quantify direct effects
associated with enhanced photochemical oxidation and shifts in gas-particle partitioning caused by
increasing temperature (Dawson et al., 2007; Wang et al., 2026d; Yin et al., 2026). Meanwhile, the
incorporation of temperature-dependent VOC emissions allows assessment of the contribution of
730 increased precursor availability to SOA formation during heatwaves (Churkina et al., 2017; Wang et
al., 2026d). Furthermore, some models have incorporated parameterizations of SOA phase state and
viscosity to evaluate how temperature changes affect particle-phase diffusion limitations, reactive
uptake, and continued SOA evolution (Schmedding et al., 2020; Yin et al., 2026). Similar to Os studies,
uncertainties in temperature-dependent SOA precursor emissions and simplified representations of

735  oxidation and multiphase processes remain major challenges.

7.2 Mechanisms and controlling factors of VOC-to-O3 transformation under heatwave
The fundamental mechanism of VOC-driven O3 formation involves the coupling of VOC oxidation
with NOx photochemical cycling (Atkinson, 2000; Coates et al., 2016). Near-surface O3 is not directly
emitted but is formed photochemically via radical chain reactions involving reduced gases, such as
740  VOCs, CO, and CH4 together with NOx under solar radiation (Coates et al., 2016; Elshorbany et al.,
2024; Finlayson-Pitts and Pitts, 1997). Therefore, the critical role of VOCs in O3 formation lies not in
direct O3 production, but rather in the generation of organic peroxy radicals and oxidation
intermediates that promote the conversion of NO to NO2, thereby sustaining O3 accumulation
(Atkinson and Arey, 2003; Monks et al., 2015; Sillman, 1999). A growing body of studies further
745  indicates that heatwaves can profoundly influence O3 formation by modulating precursor availability,

atmospheric oxidative capacity, and O3 formation regimes (Qin et al., 2025; Sun et al., 2026; Wang et
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al., 2023, 2026g).

First, heatwaves can enhance emissions from temperature-sensitive VOC sources, altering the
abundance, chemical composition, and overall reactivity of VOC precursors involved in O3 formation
750  (Diao et al., 2025; Li et al., 2025¢; Qin et al., 2025). BVOC:s, particularly isoprene and monoterpenes,
exhibit strong temperature dependence, while anthropogenic evaporative sources, including vehicle
evaporation and VCPs, may also increase under heatwave conditions (Huang et al., 2022; Qin et al.,
2025; Salvador et al., 2025). However, the degree to which heatwaves promote O3 formation depends
not merely on the magnitude of VOC emission increases, but also on the chemical reactivity of the
755  emitted species (Atkinson, 2000; Carter, 2010; Pusede et al., 2014). Recent studies further indicate that
increases in highly reactive VOC species, such as isoprene, alkenes, and aromatics, can exert stronger
impacts on O3 production than increases in less reactive alkanes during heatwave periods (Kong et al.,

2025; Pfannerstill et al., 2024).

Second, heatwaves are generally accompanied by clear-sky conditions, enhanced solar radiation, and
760  elevated photolysis frequencies, which can intensify radical production pathways and increase
atmospheric oxidative capacity (Lee et al., 2006; Wang et al., 2026d,e). Enhanced photolysis of HONO,
03 photolysis followed by reactions of excited-state oxygen atoms O('D) with water vapor, and
photolysis of HCHO and other OVOC:s all serve as the primary sources of OH and HOz radicals during
heatwaves (Ma et al., 2022; Pu et al., 2017; Wang et al., 2026g; Ye et al., 2023). Field observations
765  and observation-constrained box modeling in Xuzhou revealed that major primary radical sources,
including photolysis of HONO, O3, HCHO, and other OVOCs, increased by ~64.7% during heatwave
periods compared with normal temperature conditions (Zhang et al., 2024a). Similarly, WRF-CMAQ
simulations of the 2022 extreme heatwave in China showed enhanced OH and HO: concentrations
under heatwave meteorology compared to the summer of 2021 (Wang et al., 2026d). The elevated
770  radical supply promotes VOC oxidation via the RO2/HO2-NOx cycle, accelerates NO-to-NO2
conversion, sustains radical regeneration, and ultimately increases net O3 production rates (Lee et al.,

2006; Meng et al., 2023).

However, whether enhanced VOC oxidation and radical cycling translate into net O3 accumulation
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depends strongly on the relative availability of VOCs and NOx and the prevailing O3 formation regime
775  (Kleinman, 1994; Wang et al., 2019; Zhou et al., 2026). Under VOC-limited conditions, where NOx is
relatively abundant, additional VOCs introduced during heatwaves can substantially enhance O3
production (Huang et al., 2025; Liu et al., 2026a; Wang et al., 2025). In contrast, under NOx-limited
conditions, insufficient NO availability restricts the conversion of newly formed peroxy radicals into
NOz, thereby reducing the marginal contribution of additional VOCs to O3 formation (Coates et al.,
780  2016; Sillman, 1999; Wang et al., 2019; Whalley et al., 2021). Heatwaves can dynamically reshape O3
formation regimes by altering VOC-NOx balance and radical budgets (Li et al., 2024; Pusede and
Cohen, 2012). Previous studies have shown that in many urban and regional environments, increases
in VOC reactivity during heatwaves can exceed changes in effective NOx availability, causing O3
formation regimes to shift from VOC-limited toward transitional or NOx-limited conditions, thereby
785  reducing the marginal effect of additional VOC emissions on O3 production (Huang et al., 2025; Li et
al., 2025b; Liu et al., 2026a; Zhou et al., 2026). For example, Recent studies investigating climate
warming impacts on O3 formation further suggest that heatwave-induced PAN thermal decomposition
and changes in radical termination pathways can alter the balance between radicals and NOx, together
with enhanced BVOC emissions, promoting shifts toward NOx-limited regimes (Porter and Heald,
790  2019; Wang et al., 2026f,g). However, this transition is not always unidirectional, as enhanced soil NO
emissions during heatwaves may partially offset NOx limitation and amplify the contribution of

BVOC:s to O3 formation (Yang et al., 2026b).

Beyond local emissions and chemical processes, boundary layer dynamics and regional transport
strongly modulate the vertical and horizontal distributions of VOC precursors and O3, resulting in
795  pronounced spatial and temporal variations in O3 formation regimes under heatwave conditions (Pan
et al., 2026; Wang et al., 2021a). Zhou et al. (2025) found that heatwaves can decrease near-surface
NOx while increasing upper-level NOx concentrations, leading to vertical differences in O3 sensitivity
and photochemical intensity and promoting column-integrated O3 enhancement. Comparisons between
heatwave-O3 compound events and isolated heatwave events further reveal that boundary layer
800  stability, ventilation conditions, and vertical mixing determine whether locally produced O3
accumulates or is transported regionally (Pan et al., 2026). Moreover, enhanced BVOC emissions and

their oxidation products during heatwaves can be transported to downwind VOC-limited regions,
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supplying reactive organic precursors and sustaining regional O3 formation (Wang et al., 2021a).

805 7.3 Mechanisms and controlling factors of VOC-to-SOA transformation under heatwave
The transformation of VOCs into SOA involves a series of coupled processes, including gas-phase
oxidation, formation of low-volatility products, gas-particle partitioning, and multiphase reactions
(Kroll and Seinfeld, 2008; Shen et al., 2024; Zeng et al., 2026b). VOCs and IVOCs undergo oxidation
by OH, O3, or NOjs radicals, producing oxygenated organic compounds with a wide range of volatilities
810 (Bianchi et al., 2019; Presto et al., 2009; Srivastava et al., 2022). These oxidation products
subsequently enter and remain in the particle phase via condensation, absorptive partitioning, or
reactive uptake, contributing to SOA formation and mass growth (Nie et al., 2022; Pankow, 1994).
Among these products, semi-volatile organic compounds (SVOCs) dynamically partition between the
gas and particle phases, whereas low-volatility organic compounds (LVOCs) and extremely low-
815  volatility organic compounds (ELVOCs) tend to condense onto particles. In addition, water-soluble or
highly reactive products can undergo further multiphase reactions to form less volatile compounds
(Donahue et al., 2006; Ehn et al., 2014; McNeill, 2015). Current studies suggest that heatwaves
generally promote SOA formation by increasing emissions of temperature-sensitive precursors and
accelerating photochemical oxidation, although this enhancement is strongly modulated by gas-
820  particle partitioning, particle-phase transformation, and SOA retention processes (Aas et al., 2026;

Deng et al., 2021).

Enhanced precursor availability and oxidative capacity are primary drivers of heatwave-induced SOA
formation (Aas et al., 2026; Wang et al., 2026d; Zhang et al., 2024c). Heatwaves can increase emissions
of temperature-sensitive VOCs and S/IVOCs and enhance atmospheric oxidative capacity through
825 elevated OH radical concentrations under strong solar radiation, thereby accelerating the conversion
of organic precursors into oxygenated products with lower volatility and increasing the supply of
condensable species required for SOA formation (Hass-Mitchell et al., 2024; Pfannerstill et al., 2024,
Wang et al., 2026d). Studies across China, the United States, and Europe have demonstrated that
enhanced precursor emissions and oxidation during heatwaves can elevate SOA formation potential or
830 ambient SOA concentrations, although the magnitude and chemical composition of these responses

vary considerably among regions and atmospheric environments (Wang et al., 2026e; Yin et al., 2026;
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Zhang et al.,, 2024c). Furthermore, RO:2 radicals generated from VOC oxidation can undergo
autoxidation to form HOMs, while reactions between ROz and other radicals can generate low-
volatility products that promote SOA formation (Baker et al., 2024; Nie et al., 2023; Zeng et al., 2026b).
835  However, experimental studies indicate that these pathways are strongly regulated by temperature and
the competition between ROz reactions with NO, HOz, and other ROz radicals (Baker et al., 2024;

Yang et al., 2025).

However, SOA formation does not increase proportionally with VOC oxidation, because SOA
production efficiency is also controlled by the fraction of low-volatility products generated during
840  oxidation and their ability to partition into the particle phase (Cai et al., 2024b; Lannuque et al., 2023;
Zuend and Seinfeld, 2012). Among these processes, gas-particle partitioning of semi-volatile oxidation
products is a critical factor controlling SOA mass changes under heatwave conditions (Aas et al., 2026;
Odum et al., 1996; Zuend and Seinfeld, 2012). The particle-phase fraction of organic oxidation
products is primarily governed by their effective saturation concentration (Ci*), the available organic
845  aerosol mass concentration for absorption, and particle-phase activity coefficients (Pankow, 1994;
Serrano Dambha et al., 2024; Shiraiwa and Pdschl, 2021). Rising temperature generally elevates Ci*,
promoting the evaporation of SVOCs from particles back into the gas phase and thereby reducing SOA
mass. In contrast, LVOCs and ELVOCs are more efficiently retained in the particle phase and exhibit
weaker responses to temperature-driven partitioning changes (Deng et al., 2021; Shahin et al., 2025).
850  For instance, Lannuque et al. (2023) conducted simultaneous gas- and particle- phase molecular
measurements of toluene photooxidation products and found that decreasing temperature increased
organic aerosol mass, while the fraction of toluene-derived carbon partitioning into particles increased
from approximately 1% to 3%. Aas et al. (2026) explicitly represented gas-particle partitioning of 1223
semi-volatile and low-volatility oxidation products in simulations of the 2022 European heatwave and

855  demonstrated that SOA responses during heatwave periods depend strongly on precursor identity.

Reactive uptake and particle-phase reactions are critical pathways that mediate the conversion and
atmospheric persistence of gas-phase oxidation products into SOA (Schmedding et al., 2020; Shiraiwa
and Pdschl, 2021; Zeng et al., 2026b). Water-soluble species such as isoprene epoxydiols (IEPOX)

and glyoxal can undergo reactive uptake into aqueous aerosol particles, followed by acid-catalyzed
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860 reactions, oligomerization, and organosulfate formation, generating lower-volatility compound
(Battaglia et al., 2025; D’Ambro et al., 2017; Hu et al., 2022; Kim et al., 2022; Tilgner et al., 2021).
These processes are commonly characterized using reactive uptake coefficients (y), which are jointly
controlled by temperature, relative humidity, aerosol acidity, and other environmental factors (Gaston
etal., 2014; Schmedding et al., 2020; Zhang et al., 2018; Zhu et al., 2025). Under heatwave conditions,

865  rising temperature can enhance molecular diffusion and accelerate certain particle-phase reactions, but
it can also reduce gas solubility and promote evaporation of semi-volatile components (Li and Knopf,
2021; Pye et al., 2020; Zeng et al., 2026b; Zhang et al., 2023). Furthermore, aerosol viscosity and
intraparticle diffusion processes provide additional controls on SOA formation and persistence
(DeRieux et al., 2018; Kiland et al.,, 2022). Under heatwave conditions, temperature increases

870  generally decrease aerosol viscosity and accelerate molecular diffusion, whereas reductions in relative
humidity and aerosol liquid water content may increase particle viscosity, potentially offsetting or even
reversing the direct effects of warming (Hao et al., 2025; Li and Shiraiwa, 2019; Schervish and
Shiraiwa, 2023; Shiraiwa and Pdschl, 2021).

8 Summary and outlook

875  This review synthesizes current understanding of how heatwaves affect ambient VOC composition,
anthropogenic and biogenic sources, atmospheric transformation, and the formation of O3 and SOA.
Available observations generally indicate that total ambient VOC concentrations increase during
heatwaves, although the dominant compounds and their responses vary considerably among cities
because of differences in emission sources, ecosystem types, and meteorological conditions.

880  Temperature-sensitive anthropogenic sources, including solvent use, volatile chemical products, fuel
storage, and vehicle evaporation, often respond strongly to elevated temperatures, whereas
combustion-related emissions are less directly temperature dependent. Biogenic emissions,
particularly isoprene and monoterpenes, exhibit nonlinear responses governed by temperature, plant
physiology, water availability, and species-specific storage and synthesis pathways. Ambient VOC

885  responses therefore reflect the combined effects of emission changes, atmospheric transport, and

chemical processing rather than temperature alone.

Heatwaves also modify the atmospheric fate of VOCs. Increased photolysis and radical production can
32
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enhance atmospheric oxidation and alter VOC reaction pathways and radical cycling. However, the
resulting O3 and SOA responses are not uniform. O3 formation depends strongly on VOC composition
890  and formation regimes, as well as temperature-dependent processes such as PAN decomposition. SOA
formation and persistence are further regulated by oxidation-product volatility, gas—particle
partitioning, reactive uptake, and particle-phase diffusion. Field observations, smog chamber and
reactor experiments, box models and process-based models, and chemical transport models provide

complementary evidence for these processes.

895  Future research should improve the identification and attribution of heatwave-induced changes in VOC
sources. Continuous measurements covering complete heatwave events remain scarce, while transport
and chemical processing can obscure emission signals in ambient concentrations. Coordinated studies
across multiple events and regions should combine high-time-resolution VOC observations, flux
measurements, source apportionment, satellite constraints, and inverse modeling. Such integration

900 would help distinguish emission changes from atmospheric processing, quantify source-specific
temperature responses, and evaluate whether emission parameterizations developed for one region or

ecosystem can be transferred to others.

Further work is also needed to determine how heatwaves alter VOC processing and secondary pollutant
formation under real atmospheric conditions. Field observations should be combined with chamber
905  experiments, process-level models, and regional chemical transport models to quantify the relative
contributions of enhanced emissions, altered oxidant levels, radical chemistry, and temperature-
dependent reaction pathways. Particular attention should be given to interactions among VOC
composition, NOyx regimes, atmospheric oxidizing capacity, and multiphase processes. Resolving these
interactions will improve mechanistic understanding and strengthen predictions of VOC-driven Oz and

910  SOA pollution during increasingly frequent and severe heatwave events.
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Table 1 Heatwave definition criteria of different organizations worldwide.

Institutions Temperature thresholds Durations References
Abnormally hot weather, often (Intergovernmental Panel
Intergovernmental Panel on ; ) 2 days to .
. defined using relative temperature On Climate Change
Climate Change (IPCC) months
thresholds (Ipcc), 2023b)
o Unusually hot and dry or hot and
World Health Organization . . .
humid conditions relative to the =2 days (McGregor et al., 2015)
(WHO) .
local climate
Korea Meteorological Daily maximum feels-like
L — (KMA, 2026)
Administration (KMA) temperature >33 °C
Temperature =25 °C for 5
Royal Netherlands . . .
. . consecutive days, including at
Meteorological Institute . =5 days (KNMI, 2026)
least 3 days with temperatures =
(KNMI)
30 °C
China Meteorological Daily maximum temperature =
o ) =3 days (CMA, 2018)
Administration (CMA) 35 °C
Daily minimum apparent
. . temperature above the 85th
U.S. Environmental Protection . .
percentile of the local historical =2 days (EPA, 2024)
Agency (EPA) o
temperature distribution for July-
August during 1981-2010
Strong heat stress is defined by a
perceived temperature of
German Weather Service approximately >32 °C, combined
o ) o =2 days (DWD, 2024)
(DWD) with insufficient nighttime
cooling; extreme heat stress
occurs at >38 °C.
Daily maximum temperature
exceeds the 95th percentile of the
Spanish State Meteorological station-specific July-August
S =3 days (AEMET, 2024)
Agency (AEMET) temperature distribution for 1971-
2000 at =10% of meteorological
stations.
Plains: Tmax >40 °C;
hilly regions: Tmax >30 °C; Heat
Wave: Tmax departure from
. . normal 4.5-6.4 °C or actual Tmax
India Meteorological =2 days at

Department (IMD)

>45 °C;

for coastal stations, Heat Wave
may be described when Tmax
departure from normal >4.5 °C

and actual Tmax >37 °C.

=2 stations

(IMD, 2021)
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Table 2 Research methods for investigating the effects of heatwaves on VOC transformation mechanisms.

EGUsphere

Method

Core idea

Advantages

Limitations

Field observations

Smog chamber
and reactor

experiments

Box models and

process models

Chemical transport

models

Characterize
atmospheric responses
during heatwave events

using observations.

Isolate temperature
effects on VOC
oxidation and SOA

formation.

Resolve VOC oxidation
pathways and radical
chemistry under

constrained conditions.

Simulate regional
impacts by coupling
emissions, chemistry,

and transport.

* Direct atmospheric evidence;

Captures complex ambient

conditions.

Independent control of key
variables;
Mechanism-focused
experiments;

Direct quantification of

temperature effects.

Detailed chemical-process
resolution;

Mechanistic interpretation;
Process-level sensitivity

analysis.

Regional-scale assessment;
Emission-chemistry-
transport coupling;

Process attribution through

sensitivity simulations.

Difficult to isolate

temperature effects;

¢ Limited observations of

radicals and S/IVOCs.

Simplified atmospheric
composition;
Difficult extrapolation to

real heatwaves.

Simplified physical
environment;

Limited spatial
representation;
Uncertainties in
temperature-sensitive
mechanisms.
Dependence on emission
inventories;
Uncertainty in
temperature-dependent
parameterizations;
High computational

demand.
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Chengdu 2022
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Figure 1. The average mixing ratios and percentages of major ambient VOC species during heatwave

(HW) events. Data of Chengdu 2021 and 2022 is obtained from Kong et al. (2025); data of Seoul is

obtained from Gil et al. (2026); data of Chengdu and Chonggqing is acquired from Wang et al. (2024d);

data of Zhaozhuang is obtained from Wang et al. (2026a); data of Essex is obtained from Lee et al.
1845  (2006); and data of Nantong is obtained from Chu et al. (2022).
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Figure 2 The methods for quantifying temperature-dependent VOC emissions and their responses.
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Figure 3. Schematic illustration of heatwave effects on the atmospheric transformation of VOCs into

O3 and SOA.
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