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ABSTRACT

Biogenic isoprene, the most abundant non-methane volatile organic compound, plays a critical role in air quality
and climate. While its emissions are known to be temperature-dependent, the specific causal link to the inten-
sification of warm temperature extremes observed in recent decades remains understudied. This study provides
causal evidence connecting the rising intensity of warm temperature extremes to trends in biogenic isoprene
emissions from 2000 to 2019. We integrated high-resolution CAMS-GLOB-BIOv3.1 emission data with ERA5
reanalysis products and applied the Information Flow (IF) framework to quantify the causal influence of extreme
temperature on isoprene emission trends. Our results reveal a significant increase in isoprene emissions
(>1.2 Tg yr 1) in tropical hotspots, which were significantly correlated with the intensity of extreme temper-
ature (r > 0.8, p < 0.05). Importantly, causal analysis quantified a persistent, unidirectional IF from extreme
temperatures to isoprene emissions, while the reverse pathway was negligible. This establishes extreme tem-
perature as among the drivers of rising biogenic isoprene emissions, revealing a critical positive climate feedback
loop under warming climate extremes. These findings highlight the need to incorporate extreme temper-
ature—driven biogenic isoprene emission feedbacks into climate and air quality models to improve atmospheric

composition and inform effective mitigation strategies for public health and climate stability.

1. Introduction

Isoprene strongly influences atmospheric composition, including
ozone and fine particulate matter (PMa.5), thereby affecting air quality
and regional climate by altering Earth's atmospheric energy balance
(Claeys et al., 2004; Unger, 2012). Isoprene is highly reactive, promot-
ing tropospheric ozone formation under polluted conditions and
contributing to the production of secondary organic aerosol (Claeys
et al., 2004). A key oxidation product of isoprene is formaldehyde
(CH20), which plays an important role in atmospheric photochemistry
by shaping the oxidative capacity of the troposphere and serving as a
major radical source that drives ozone formation (Millet et al., 2008).
Owing to its short atmospheric lifetime and tight coupling to isoprene
chemistry, formaldehyde is widely used as a proxy for isoprene emis-
sions in satellite and ground-based observations (Palmer et al., 2006).

On a global scale, isoprene emissions are overwhelmingly biogenic, with
tropical forests representing the major source, temperate forests
contributing moderate fluxes while agricultural and boreal ecosystems
playing comparatively minor roles (Guenther et al., 2006; Harley et al.,
2004).

Several approaches are used to study isoprene, including satellite
observations (Palmer et al., 2006; Millet et al., 2008; Fu et al., 2019;
Wells et al., 2020; Zhang and Gu, 2022), chemical transport and
process-based models (Guenther et al., 2006; Pacifico et al., 2009;
Unger, 2013; Monson et al., 2012; Cao et al., 2021), reanalysis products
(Schwantes et al., 2020; Sindelarova et al., 2022), and ground-based
measurements (Geron et al., 2000; Pacifico et al., 2009; Li et al.,
2023). Among these, ground-based observations generally provide the
most accurate, process-level constraints on emissions but are limited in
spatial and temporal coverage. By contrast, satellites and models enable
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analysis over longer periods and larger spatial domains, including the
global scale, although with greater uncertainties than local in situ
observations.

Isoprene emissions into the atmosphere depend strongly on envi-
ronmental conditions, including temperature, ambient greenhouse-gas
concentrations, and land-cover change (Singsaas and Sharkey, 2000;
Arneth et al., 2007; Duncan et al., 2009; Heald et al., 2009; Stavrakou
et al., 2014; Hantson et al., 2017; Chen et al., 2018; Zeng et al., 2023;
DiMaria et al., 2025). For instance, a study by Singsaas and Sharkey.
(2000) observed that isoprene emissions rise briefly when leaves are
exposed to high temperatures (35-45 °C) and then decline to a regulated
steady state in a reversible manner, demonstrating that
temperature-induced reductions in isoprene above ~35 °C are driven by
physiological control of isoprene synthesis rather than depletion,
consistent with a protective role of isoprene against thermal stress.
Isoprene emissions increase exponentially with temperature due to
enhanced enzymatic activity, particularly of isoprene synthase, which
catalyzes isoprene production in chloroplasts and exhibits strong tem-
perature sensitivity (Monson et al., 1992; Oku et al., 2023). Arneth et al.
(2007) also found that isoprene emissions typically increase under low
CO3, but decrease at elevated CO, and showed with a dynamic vegeta-
tion model that CO,-driven inhibition of leaf isoprene production can
offset warming- and productivity-induced increases, potentially
moderating future ecosystem isoprene emissions and their atmospheric
impacts. Furthermore, a recent study by Zeng et al. (2023) carried out
over the Pearl River Delta, China, found that isoprene emissions from
tropical and subtropical trees are strongly regulated by both tempera-
ture and light, and showed that the Guenther et al. (1993) algorithm
accurately captures this dependence, confirming its suitability for
simulating isoprene emissions in these ecosystems. In a recent study,
Zeng et al. (2023) also found that isoprene emissions from tropical
plants are more temperature-sensitive than those from temperate spe-
cies under moderate conditions. However, during heatwaves, physio-
logical stress lowers the optimum temperature, contrary to model
predictions that assume acclimation based on long-term averages. This
suggests that extreme heat may suppress isoprene emissions and that
current models need revision to better capture these dynamics. In Arctic
tundra, a study by Potosnak et al. (2013) showed that isoprene emissions
can be significantly high under warm, bright conditions, affect atmo-
spheric chemistry, and are expected to increase with climate warming.
For mid-latitudes, Wang et al. (2024a,b) using the Model of Emissions of
Gases and Aerosols from Nature (MEGAN) reported that sedges show a
markedly stronger temperature response than other isoprene emitters
predicted by widely used emission parameterizations. In the tropics, the
apparent temperature dependence can also be modulated by con-
founding factors such as surface ozone and greenhouse gases (Duncan
et al., 2009). These studies clearly demonstrate that multiple environ-
mental factors influence isoprene emissions from vegetation into the
atmosphere.

Despite extensive research on isoprene emissions and their envi-
ronmental drivers, studies investigating how the recent rise in extreme
temperature conditions influences these emissions remain limited, even
though isoprene responds strongly to temperature changes (Guenther
etal., 1995; Lathiere et al., 2006). Recent work by Wang et al. (2024a,b)
attributed long-term global isoprene emission trends to variations in
CO4 concentrations, vegetation dynamics, and meteorological factors
using MEGANv3.2. However, that study primarily focused on decom-
posing overall emission trends into multiple drivers rather than isolating
the specific role of extreme temperature intensity. Under extreme heat
events, plant metabolic processes may be driven beyond their optimal
physiological capacity, potentially triggering nonlinear increases in
isoprene emissions that are not fully captured by analyses based solely
on mean climate variability. In this study, we therefore examine the
impact of recent intensifying warm extreme-temperature events on
trends in isoprene emissions. We employ a statistical framework
combining correlation analysis with a causality test to determine
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whether changes in the intensity of warm temperature extremes
potentially drive the trends in isoprene emissions at the global scale.
More details about the data and method used are given in Section 2,
Section 3 presents the results, Section 5 interprets the results, while
Section 4 summarises the conclusions drawn from the study.

2. Data and methods
2.1. CAMS emission inventories

This study used the high-resolution Copernicus Atmosphere Moni-
toring Service (CAMS) global biogenic inventory, CAMS-GLOB-BIO v3.1
(Sindelarova et al., 2022). CAMS-GLOB-BIO v3.1 estimates biogenic
volatile organic compound (BVOC) emissions, including isoprene,
monoterpenes, sesquiterpenes, methanol, acetone, and ethene, using the
Model of Emissions of Gases and Aerosols from Nature (MEGAN v2.1)
(Guenther et al., 2012). Isoprene emissions in CAMS-GLOB-BIO v3.1 are
simulated by prescribed and static land-cover and plant functional type
distributions, while responding dynamically to environmental and
meteorological conditions. The simulation accounts for variability
associated with air temperature, photosynthetically active radiation,
leaf area index (LAI), soil moisture stress, leaf age phenology, and at-
mospheric COz concentration. Specific BVOC emissions flux (F), such as
isoprene, in MEGAN is calculated from a model grid cell as;

F=y.EPS €}

where y is a dimensionless factor accounting for dependence of emis-
sions on environmental factors such as air temperature, solar radiation,
ambient CO; concentration, and LAI EP is an emission potential defined
under standardized environmental conditions, while S is a grid cell
surface area (Sindelarova et al., 2022).

Based on Guenther et al. (2012), isoprene-temperature dependence
during isoprene simulation is represented using a temperature activity
factor, formulated as a weighted combination of light-dependent and
light-independent emission components, reflecting contributions from
both photosynthetic activity and stored carbon pools. The
light-dependent component is described by an enzyme-kinetic function
that captures the exponential increase in emissions with temperature up
to an optimum, followed by a decline at higher temperatures due to
enzymatic deactivation. Importantly, optimum is not constant but varies
as a function of prior thermal conditions, increasing with the mean leaf
temperature over the preceding 240 h to account for thermal acclima-
tion. In addition, the emission capacity at the optimum temperature is
scaled based on both short-term (24 h) and longer-term (240 h) tem-
perature histories, thereby incorporating both immediate and accli-
mated physiological responses. Empirical coefficients further regulate
the rate of temperature response and high-temperature inhibition, with
values dependent on emission class, enabling a realistic representation
of isoprene emission variability under changing thermal conditions.
CAMS-GLOB-BIO v3.1 is built on the MEGANV2.1 framework and adopts
the same isoprene-temperature dependence formulation for isoprene
emissions.

Since land cover is prescribed in CAMS-GLOB-BIO v3.1, long-term
variability and trends in simulated isoprene emissions primarily reflect
changes in meteorological conditions and climate-driven vegetation
activity rather than explicit land-use or deforestation changes, making
the simulations suitable for assessing the influence of extreme temper-
ature on biogenic isoprene emissions. The meteorological input for
simulation is ERA5 reanalysis, by the European Center for Medium-
Range Weather Forecasts (ECMWF) (Hersbach et al., 2020). The
CAMS-GLOB-BIO v3.1 dataset spans from 2000 to 2019 and provides
global coverage at 0.25° x 0.25° spatial resolution. Independent eval-
uations indicate that CAMS isoprene emissions are broadly consistent
with other inventories, such as the European Monitoring and Evaluation
Programme (EMEP) dataset (Sindelarova et al., 2022).
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2.2. ERAS reanalysis

We calculated extreme-temperature intensity using the fifth-
generation ECMWF reanalysis (ERAS5; Hersbach et al., 2020). ERAS is
produced with the Integrated Forecasting System (IFS) Cycle 41r2
(operational in 2016) and combines a global forecast model with diverse
observations within a physically consistent data-assimilation frame-
work. It provides hourly fields for the atmosphere, land, and ocean
waves from 1940 to the present at 0.25° x 0.25° spatial resolution with
near-real-time updates (~5-day latency) (Munoz-Sabater et al., 2021).
Because CAMS-GLOB-BIO v3.1 is driven by ERA5 meteorology to
simulate BVOC emissions, including isoprene, using ERA5 to investigate
extreme-temperature impacts ensures full consistency between the
forcing data and the emission outputs. By leveraging ERAS5, we maintain
coherent meteorological drivers, accurately capture temperature ex-
tremes, and improve confidence that the observed correlations and
causal links reflect true system behavior rather than artifacts of incon-
sistent forcing. In this study, we used daily maximum (2 m) air tem-
perature to compute the intensity of warm temperature extremes and
relate these metrics to biogenic isoprene emissions globally. Prior
evaluations indicate that ERA5 reproduces temperature patterns and
supports robust analysis of extreme-temperature events across diverse
environments (Sheridan et al., 2020; Munoz-Sabater et al., 2021; Veli-
kou et al., 2022; Xu et al., 2022; Choudhury et al., 2023; Gbode et al.,
2023; Erlat and Giiler, 2024; Feron et al., 2024).

2.3. Calculation of warm extreme temperature intensity

The intensity of warm extreme temperature is calculated based on
the definition by the Expert Team on Climate Change Detection and
Indices (ETCCDI) framework (Alexander et al., 2006), a standardized
suite of 27 core indices (16 temperature-based and 11
precipitation-based) widely used to monitor climate extremes. This
study focused on the intensity of warm extreme temperature (TXx),
defined as the annual maximum of daily maximum temperatures,
mathematically expressed as;

TXXy =max (Tmax.lx, Tma.x,2 ------- Tmax.N) (2)

where Tax1, Tmax2------- Tinaxn denotes the daily maximum temperature
on days 1, 2 ... N of the year y. The extreme-temperature index was
calculated using R software. Many studies have applied ETCCDI indices
to assess changes in temperature extremes across diverse regions,
underscoring its robustness and comparability (Felix et al.,, 2021;
Libanda, 2020; Wu and Huang, 2016; Xu et al., 2022; Felix et al., 2021;
Kaushalya et al., 2025; Quenum et al., 2021; Wu and Huang, 2016; Yin
and Sun, 2018).

2.4. Trend and correlation analysis

We used the Sen slope estimator (Sen, 1968) to quantify trend
magnitude and the nonparametric Mann-Kendall (MK) test (Mann,
1945) to evaluate the significance of trends for both isoprene emission
and TXx. These methods were chosen because they test for a monotonic
trend against the null hypothesis of no trend without assuming a specific
data distribution, and they perform better in the presence of missing
values, outliers, and irregular sampling. Both Sen's slope and the MK test
are widely applied to air quality and temperature time series (Cao et al.,
2021; Almeida et al., 2017; Chathurangika et al., 2024; Nyasulu et al.,
2023; Onyejuruwa et al., 2025; Shikwambana et al., 2020). Full
computational details about the calculations can be accessed in the cited
literature.

2.5. Correlation and causality test analysis

We examined the influence of extreme temperatures on isoprene
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emissions using Pearson's correlation and causality test analyses.
Negative correlations were interpreted as evidence that higher warm-
extreme temperature intensity suppresses isoprene emissions, whereas
positive correlations indicate that the intensification of warm-extreme
temperatures enhances emissions. To understand directionality
beyond correlation, we applied the simplified information-flow frame-
work to quantify the direct causal effect of extreme temperature on
vegetation isoprene emissions. Rooted in stochastic dynamical systems
theory, this method estimates the rate of information transfer between
variables in a coupled time-series system (Liang, 2014; Hagan et al.,
2019). Given a time series of intensity of warm temperature extremes as
x and isoprene emissions as y, the causality of x on y is measured by the
time rate of information flow from x to y, expressed as Tx_.,:

1 ., O _
Mooy = ((@x-) - %3 (@3 ) )
y X
where 62 and 6§ are the variances of x and y, respectively, and &,y is their
covariance.
82 and &7 are calculated as;

2t i (x, — %) (4)
* Nt:l

1 N
=52 ey, ©)

and &y, is expressed as;
1 N
5xy:NZ(xt_f)(.Yt_}7) (6)
t=1

N is the number of points in time (t), while X and y are the temporal
means of x and y, respectively. The information flow from y to x is
calculated as the inverse of Ty, (Ty%y) from equation (3). We used
cumulative causality estimates for a time series to reduce noise and
capture long-term temporal changes. Positive IF values indicate that
intensifying extreme temperatures have a positive impact on isoprene
emissions; values near zero imply no detectable causal influence, while
negative IF values indicate that rising temperatures suppress isoprene
emissions.

3. Results and discussion
3.1. Annual and seasonal distribution of isoprene emissions

The annual distribution (Fig. 1) shows elevated isoprene emissions in
the tropical and equatorial regions, particularly between ~30° S and 30°

60N

30N

308}

60S

120W 60W 0 60E 120E

200 (Tg)

0 40 80 120 160

Fig. 1. Long-term annual spatial distribution of isoprene emissions based on
the CAMS inventory during the 2000-2019 period.



M. Nyasulu et al.

N. Higher emissions occur over the Amazon Basin, Central Africa, and
Southeast Asia, including Thailand, Indonesia, and northern Australia.
These regions are generally dominated by dense vegetation, including
tropical forests (Pegoraro et al., 2004), resulting in high biogenic
isoprene emissions. These hotspot regions provide an ideal natural
environment to investigate the dependence of isoprene emissions on
high temperatures and solar radiation, which stimulate biogenic release
(Arneth et al., 2008, 2011). Elevated emissions are also evident over the
Southeastern United States of America (USA), consistent with prior
USA-focused analyses (Opacka et al., 2021; Geddes et al., 2022). Rela-
tively low isoprene emissions are detected in most mid-to high-latitude
regions, indicating a lower emission potential of isoprene from vegeta-
tion compared to most tropical and equatorial regions. Seasonally
(Fig. 2), there is pronounced seasonal variability that reflects shifts in
vegetation and temperature activity. During DJF (December-February),
elevated emissions appear across South America, Central and Southern
Africa, Australia, Indonesia, and parts of India. In MAM (March-May),
emissions weaken over much of the Southern Hemisphere (South
America, Southern Africa, Australia) and shift northward, with notably
higher emissions detected in Central Africa extending into West Africa,
the Amazon, and Indonesia. High isoprene emissions are also observed
over the southeastern USA. By JJA (June-August), emissions decline
over Central Africa and Australia while remain comparatively high over
the Amazon. High isoprene is detected in the tropical regions of the
Northern Hemisphere, especially in the southeastern USA and south-
eastern China, consistent with prior satellite-based assessments (Millet
et al., 2008).

The pattern reverses during SON (September-November), when
biogenic isoprene emissions shift southwards and are concentrated
along the tropics of the Southern Hemisphere, notably northern
Australia, South America, and Southern Africa. It can be noted from the
above seasonal pattern that isoprene emissions show a seasonal pattern
corresponding to temperature changes, with high isoprene emissions
during summer (hot) seasons in all hemispheres. During the summer
season, such as the JJA season in the Northern Hemisphere, higher
temperatures and increased rainfall stimulate vegetation growth,
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resulting in high isoprene emissions, as seen in the Southeastern USA
and Southeastern China (Fig. 2) (Piao et al., 2019; Opacka et al., 2021;
Louetal., 2023). The opposite pattern occurs during DJF in the Southern
Hemisphere summer, yielding elevated isoprene emissions. The
observed summer peaks of isoprene emissions in both hemispheres un-
derscore the coupled influence of biospheric processes and meteoro-
logical drivers, particularly temperature, radiation, and moisture
content (Guenther et al., 2012; Sindelarova et al., 2014).

3.2. Trends of isoprene and its relationship with the intensity of extreme
temperature

The spatial trends in Fig. 3 revealed widespread increases in biogenic
isoprene emissions, with high magnitudes of positive trends detected
across most tropical and equatorial regions, including Southeastern
USA, the Amazon Basin, Central and Southern Africa, Northern
Australia, Thailand, and the Indonesian Archipelago. It can also be
observed that the largest magnitudes occur in regions that already
exhibit high annual and seasonal totals (Figs. 1 and 2), implying that
established hotspots are intensifying their contributions to atmospheric
isoprene.

Localized negative trends are also evident, which might have been
influenced by regional variability in meteorological conditions and
ecosystem stress, including water stress and drought, which can sup-
press biogenic emissions (Li et al., 2025; Pegoraro et al., 2004; Trimmel
et al., 2023). Such factors may reduce vegetation activity and emission
capacity on seasonal to interannual time scales, leading to localized
decreases in isoprene emissions, however, the observed negative trends
were generally statistically non-significant (Fig. 3). The rising isoprene
emissions have substantial implications for air quality and climate, as
elevated isoprene enhances the formation of tropospheric ozone and
secondary organic aerosols (SOAs), hence degrading air quality and
harming human health (Lee et al., 2014; Wei et al., 2024; Khan et al.,
2025). In addition, the high magnitude of trends along the tropics sug-
gests an association between biogenic isoprene emissions, temperature,
and vegetation activity, implying a potential positive climate-biosphere

60N =2
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Fig. 2. Seasonal distribution of isoprene emissions for DJF (a), MAM (b), JJA (c), and SON (d). The distributions are calculated as the seasonal mean during the 2000-

2019 period.
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Fig. 3. Spatial distribution of isoprene emission trends from 2000 to 2019. The green rectangles indicate regions with high magnitudes of positive trends, selected for
analysis of temporal variations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

feedback, whereby persistent high temperature conditions stimulate
additional isoprene emissions, unlike in mid and high latitudes regions
where temperature contrast is very high (Pacifico et al., 2009).

To understand the influence of TXx on isoprene emissions, we
analyzed trends of TXx globally and compared them with trends in
biogenic isoprene emissions. Results in Fig. 4 show a dominant, wide-
spread positive signal of TXx across most of the globe, indicating a
general intensification of extreme temperatures.

The strongest increase is observed across the northern mid and high
latitudes, including Alaska, Europe, and Siberia, where TXx is spatially
extensive and statistically significant (p < 0.05). Positive trends in TXx
are also evident in most parts of Southern America, Africa, and
Australia, with significant trends over Northern and Southern Africa, the
Amazon basin, and most of Australia. Intensification of extreme tem-
perature conditions in most parts of the globe has also been documented
in several recent studies (Almeida et al., 2017; Collins, 2022; Da Silva
et al., 2019). In contrast, localized areas of weak or negative trends
occur in parts of the Northern USA, extending into eastern Canada and
southern Greenland. Isolated parts of the South Asia and Antarctica
region also revealed negative trends; however, they are generally
weaker than the dominant positive trends.

The spatial correlation between TXx and isoprene emissions exhibits
pronounced regional contrasts shaped by both thermal regimes and
vegetation distribution. To ensure statistical robustness and physical
interpretation, correlation analysis was restricted to regions with
detectable biogenic isoprene emissions, thereby avoiding dilution of the
biospheric signal by areas devoid of vegetation, such as deserts. Results
in Fig. 5 revealed significant positive correlations between TXx and
isoprene emissions, which dominate in most parts of the globe, signi-
fying a strong association between changes in TXx and isoprene

60N [~
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TXx trend (°C year')

Fig. 4. Spatial distribution of TXx trends from 2000 to 2019. Hatched regions
(.) indicate trends are significant at 95% confidence level (p < 0.05).
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Fig. 5. Spatial distribution of correlation between isoprene emission and the
intensity of extreme temperature during the study period. Black dots indicate
regions where the correlation is significant at the 95% confidence level.

emissions. In tropical forest regions such as the Amazon, Central Africa,
and Southeast Asia, correlations between TXx and isoprene emissions
are typically strong (r > 0.8, p < 0.05), indicating that warm extreme
temperatures strongly modulate emission variability in ecosystems
characterized by dense vegetation and high biogenic activity. A signif-
icant correlation between isoprene and TXx is also evident in most parts
of Europe, the Siberian region, and Alaska, indicating a strong associa-
tion between isoprene emissions and extreme temperature intensity.
Although correlations between TXx and isoprene emissions are strong
and significant in mid to high-latitude regions, the magnitude of abso-
lute trends remain relatively lower than in the tropics (Fig. 3). This in-
dicates that while isoprene can strongly respond to wam extreme
temperature conditions, the overall magnitude of isoprene emission is
constrained by other regional factors such as vegetation density, vege-
tation type, length of growing season and water stress, which influences
variation in trends across different parts of the globe (Pegoraro et al.,
2004; Grote et al., 2013). It can, however, be noted that in some isolated
locations, such as the West of the Amazon forest, West Africa, and
Northeast China, isoprene trends are negative (Fig. 3) while temperature
trends are positive (Fig. 4).

In addition, we compared trends in isoprene emissions with changed
in mean temperature to distinguish the influence of mean temperature
from that of extreme temperature intensity. The results (Fig. S1) indicate
that the spatial pattern of mean temperature trends is broadly consistent
with that of extreme temperature intensity across much of the globe.
Significant positive trends are observed over Europe, Alaska, the Sibe-
rian region, and the Southeastern United States. Similarly, positive mean
temperature trends align with TXx trends over the Amazon forest, as
well as Central, Southern, and Northeastern Africa, and Australia,
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whereas negative trends are evident in eastern Canada, parts of North
America, Greenland, and South Asia. The consistency in trend patterns
between mean temperature and TXx indicates that they covary, which is
important for understanding whether isoprene is influenced more by
TXx or mean temperature, particularly in equatorial and tropical re-
gions. Correlation analysis (Fig. S2) also reveals the strongest relation-
ships in tropical and equatorial regions, including the Amazon forest,
Central and Southern Africa, Australia, South Asia, and much of the
Southeastern United States. In contrast, weaker correlations are
observed in mid-to high-latitude regions, particularly over Europe and
Russia, where correlations are generally insignificant, ranging from
weakly negative to weakly positive across Eastern Europe and Russia. A
significant positive correlation is notable, however, in isolated locations.
Comparison between isoprene-mean temperature correlation (Fig. S2)
and isoprene-TXx correlation (Fig. 5) shows that mid to high latitude
regions, such as over Europe and Russia, exhibit significant positive
correlations between isoprene and TXx as compared to isoprene and
mean temperature, indicating a stronger sensitivity of isoprene emis-
sions to extreme temperature intensity than to mean temperature. These
results suggest that while mean and extreme temperatures exert similar
influence in tropical regions, their effects diverge in mid-to high lati-
tudes, where isoprene emissions respond more strongly to extremes.
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Further analysis based on controlled simulations is necessary to isolate
the influence of extreme temperatures from that of mean temperatures,
specifically in tropical regions where their trends covary.

We further examined coevolution over time between isoprene
emissions and TXx in regions that exhibited high magnitudes of positive
trends in isoprene emissions from Fig. 3 using standardized anomalies
(deviations from each variable's mean). It can be noted from Fig. 6 that
interannual fluctuations in isoprene emissions closely matched those of
extreme temperatures. Correlations are strong and statistically signifi-
cant (r > 0.7, p < 0.05), indicating a high association between isoprene
emission trends and the intensity of extreme temperatures in the re-
gions. In addition, a close interannual alignment between isoprene
emissions and TXx across all selected regions (Fig. 6) indicates that
extreme temperature variability strongly modulates year-to-year emis-
sion changes. The pronounced correlations across tropical and sub-
tropical regions reflect the strong temperature sensitivity of isoprene
production in densely vegetated ecosystems. This demonstrates that
extreme temperature intensification alone is sufficient to enhance
biogenic emission fluxes, highlighting a climate-driven feedback
mechanism independent of land-use change.

Further analysis of the isoprene emission-TXx response using linear
and exponential models (Fig. 7) revealed both linear and nonlinear
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Fig. 6. Temporal distribution of isoprene emission anomalies and the intensity of extreme temperature over the selected regions. Regions with high trend magnitudes
were selected for analysis (indicated by green polygons in Fig. 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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positive responses; however, their strengths and forms vary regionally.
As shown in Fig. 7, in the southeastern USA, Amazon forest, Central
Africa, and South Asia, the temperature-isoprene response is predomi-
nantly linear, as indicated by the close alignment between linear and
exponential fits, suggesting a linear response of emissions to extreme
warming. In contrast, Northern Australia and Southern Africa exhibit a
pronounced exponential response, with emissions increasing more
rapidly at higher extreme temperatures, indicating strong nonlinear
amplification of isoprene emissions under such conditions. These find-
ings, however, differ from studies conducted at short temporal and leaf-
area scales, where the isoprene-temperature response is exponential and
diminishes at high temperatures (Rasulov et al, 2010). The
linear-to-exponential response indicates the combined influence of
thermal acclimation in MEGANvV2.1 (Guenther et al., 2012), temporal
aggregation, and background warming. Thermal acclimation shifts the
optimum temperature to higher values under warmer conditions,
allowing isoprene emissions to remain elevated even at high tempera-
tures, while temporal aggregation at the annual scale smooths out
short-term declines associated with extreme heat. Findings from this
study imply that regions with extreme warming may disproportionately
enhance biogenic isoprene emissions. These dynamics carry important
implications for atmospheric chemistry, as isoprene is a key precursor of
tropospheric ozone and SOAs (EPA, 2021). Consequently, continued
intensification of extreme heat events may amplify tropical isoprene
emissions, perturb regional oxidant balances, and exacerbate air pollu-
tion episodes.

3.3. Causal test analysis

Unlike correlation, which only measures the strength and direction
of statistical association, and in regions where year-to-year co-vari-
ability dominates, positive correlations can emerge even when long-
term trends differ. Causality tests evaluate whether changes in one
variable drive changes in another over time (Liang, 2014; Hagan et al.,
2019). Here, we applied a causal analysis to test whether intensifying
warm extreme-temperature events increase biogenic isoprene emissions

in regions with strong positive emission trends. This approach is
well-suited to isolate dominant drivers, given that isoprene responds to
multiple influences, including vegetation type, drought, temperature,
and greenhouse gases (Guenther et al., 2006; Pacifico et al., 2009). As
shown in Fig. 8, IF estimates from extreme temperatures to isoprene
emissions increase consistently across all analyzed locations, with the
Amazon, Central Africa, and South Asia showing the strongest signals.
These results indicate that rising isoprene emissions are not merely
coincident with warming but are significantly driven by the intensifi-
cation of temperature extremes. A downward IF is notable over the
Southeastern USA during 2004-2006; however, it remains positive,
suggesting other factors, such as drought stress, may have strongly
modulated isoprene emission. For instance, Wang et al. (2022) demon-
strated that drought stress can substantially suppress biogenic isoprene
emissions over the Southeastern USA, and that incorporating drought
effects into emission modeling improves agreement with observed at-
mospheric chemistry during dry periods, highlighting that isoprene
fluxes are modulated not only by temperature changes but also by
moisture stress. The results from this study over the Southeastern USA
coincide with the drought observed during 2004-2007 (Seager et al.,
2009; Manuel, 2008). This demonstrates that other factors can influence
the causal impact of extreme temperature on isoprene emissions.

Across tropical regions, including the Amazon, Central Africa, and
South Asia, IF values were consistently high, indicating a strong causal
influence of intensifying extreme temperatures on enhanced isoprene
emissions. By contrast, the reverse pathway (IF from isoprene to extreme
temperature) is near zero in all regions, implying that although isoprene
responds strongly to temperature extremes, it does not directly drive
extreme-temperature events at local to regional scales. Because tropical
ecosystems account for most global isoprene emissions, the strong causal
link between temperature and isoprene indicates that continued extreme
warming will elevate isoprene emissions. This increase is likely to
enhance ozone formation and secondary aerosol formation, thereby
affecting regional radiative forcing and air-quality dynamics (Pacifico
et al., 2012).
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4. Discussion

This study provides a global-scale analysis of isoprene emissions and
establishes a causal relationship between the intensification of extreme
temperatures and trends in biogenic isoprene emissions. The combined
spatial, temporal, and causal evidence offers a more comprehensive
understanding of biosphere-atmosphere feedback under extreme tem-
perature conditions. The seasonal pattern detected in the present study,
where isoprene emission is high in the Southern Hemisphere during
summer (DJF) and in the Northern Hemisphere during summer (JJA),
corresponds to seasonal changes in temperature and thus provides a
stronger foundation for understanding the impact of extreme tempera-
ture conditions on isoprene emissions. Regions with strong DJF emis-
sions, such as Southern Africa and Northern Australia, transition to
weaker signals in JJA as temperatures and vegetation decrease, while
peak emissions shift northward into the Northern Hemisphere. Biogenic
isoprene emissions peak when vegetation density and temperatures are
highest because emissions are directly linked to photosynthetic activity,
leaf area, and temperature-dependent enzymatic production in chloro-
plasts (Guenther et al., 2006). Additionally, isoprene functions as a
protective compound against thermal and oxidative stress, enhancing
emissions under warm conditions (Monson et al., 2021; Rodrigues et al.,
2023). Trend analyses at an annual scale have revealed a general posi-
tive trend of isoprene with high magnitude of positive trends detected in
regions with high levels of isoprene emissions, specifically in the tropics
and equatorial regions (Fig. 3). This implies that regions with already
high isoprene levels are experiencing accelerated levels of isoprene,
hence worsening pollution levels associated with biogenic emissions.

Correlation analysis between isoprene emissions and extreme-
temperature intensity demonstrates that increasing heat extremes in-
fluence isoprene trends across much of the globe, consistent with pre-
vious studies (Stavrakou et al., 2014; Chen et al., 2018), showing
enhanced isoprene emissions under warming conditions. These results
suggest a positive climate-biosphere feedback, whereby warming ex-
tremes elevate BVOC emissions, potentially affecting air quality and
radiative forcing (Pacifico et al., 2009). A comparison between the
correlation patterns (Fig. 5) and emission trends (Fig. 3) highlights the
distinction between thermal sensitivity and absolute emission magni-
tude. Tropical and equatorial forest regions, such as the Amazon, Central
Africa, Southeast Asia, and Northern Australia, exhibit strong temper-
ature sensitivity and high baseline emission capacity, leading to strong
correlations and large positive trends in isoprene emissions. In contrast,
some parts of Europe, Russia, and North America, such as Alaska, exhibit
similarly strong correlations, indicating high responsiveness to extreme
temperature changes; however, the magnitude of long-term trends is
relatively low. The low magnitude of isoprene emission trends in some
parts of mid to high latitude regions despite a significant correlation
with extreme temperature as compared to tropical regions is because of
high baseline emission potential in tropical regions, which are generally
associated with variation vegetation type, LAI and water stress between
these regions (Guenther et al., 1993; Potosnak et al., 2013; Chen et al.,
2018). Importantly, land cover is prescribed in the present analysis; the
spatial variability in correlation and trend magnitude reflects the
interplay between factors such as vegetation type and climatic con-
straints, including temperature and moisture availability. High-emitting
vegetation, such as broadleaf deciduous forests, dominates the tropical
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response, while low-emitting land cover types, such as crops, grasses,
and urban surfaces, contribute little, even under extreme heat
(Sindelarova et al., 2014). In mid-latitudes, some species, such as sedges,
show relatively strong extreme-temperature responses (Wang et al.,
2024a,b), which explains part of the observed variability in Europe and
North America in the present study (Fig. 4).

By comparing the response of isoprene emissions to mean and
extreme temperatures, we find smaller differences in tropical and
equatorial regions. In contrast, mid-to high-latitude regions exhibit
larger differences, with isoprene responding more strongly to extreme
temperatures. This is because tropical ecosystems operate under
persistently high baseline temperatures that are already close to the
biochemical optimum for isoprene production (Sharkey and Monson,
2017), resulting in similarly strong sensitivities to both incremental
changes in mean temperature and extreme temperature conditions. In
addition, tropical vegetation exhibits high temperature sensitivity
(Guenther et al., 2006) but may experience physiological constraints
such as heat stress or down-regulation during extreme temperature
events, which can limit further enhancement beyond the mean tem-
perature response (Zeng et al., 2023). In addition, most studies at
short-time and leaf-level, isoprene emission increases non-linearly,
generally exponentially with temperature up to an optimum range
(~35-40 °Q), reflecting the kinetics of isoprene synthase and the supply
of photosynthetic precursors (Guenther et al., 2012; Sharkey and Mon-
son, 2017; EPA, 2021). Beyond this optimum, physiological and enzy-
matic constraints may limit emissions. These previous findings differ
from the present results at the long-term and annual scales. The
linear-to-exponential response observed in the present results reflects
the combined effects of thermal acclimation in MEGANv2.1 (Guenther
et al., 2012), temporal aggregation, and background warming. Thermal
acclimation increases the optimum temperature under warmer condi-
tions, enabling isoprene emissions to remain high even at elevated
temperatures (Guenther et al., 2012; Monson et al., 1992; Rasulov et al.,
2015), while temporal aggregation at the annual scale averages out
short-term reductions associated with extreme heat. Other studies using
field observations (Vettikkat et al., 2023) have also demonstrated that
isoprene emissions increase substantially under anomalously high tem-
peratures. The observed linear-to-exponential increase in isoprene
emissions implies that, in the long term, extreme warming may sub-
stantially enhance the availability of natural precursors for ozone and
secondary organic aerosol formation, thereby degrading air quality. This
response suggests that air quality risks could intensify disproportion-
ately during extreme heat events, even in regions with limited anthro-
pogenic emissions. The IF analysis strengthens this interpretation, in
which a positive increase in IF from extreme temperatures to isoprene
indicates that warming extremes are not merely coincident with higher
fluxes but exert a directional influence on emission variability. At the
same time, the magnitude and pattern of the response depend on
ecosystem structure. Recent studies have further highlighted that
vegetation-driven BVOC emissions, such as isoprene, can significantly
influence urban atmospheric chemistry, and that species composition
and regional chemical regimes determine whether greening strategies
improve or worsen air quality (Mircea et al., 2023; Maison et al., 2024).
Thus, under a warming climate characterized by intensifying heat ex-
tremes, vegetation—atmosphere interactions may amplify ozone and
aerosol formation unless urban and regional land-management policies
account for BVOC emission potential.

The demonstrated causal linkage between intensifying extreme
temperatures and increasing biogenic isoprene emissions in the present
study also implies that climate change-driven temperature extreme
warming can amplify natural contributions to atmospheric pollution
through biosphere-atmosphere feedback. Therefore, future air quality
health risks may rise even without additional increases in anthropogenic
emissions, but under natural conditions during extreme warming.
Consequently, climate mitigation efforts aimed at limiting the frequency
and intensity of extreme temperature events can also help reduce
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pollution associated with temperature-sensitive BVOCs. Incorporating
temperature-driven biogenic emission responses into air quality man-
agement and climate adaptation strategies is therefore essential,
particularly in tropical and densely vegetated areas where both heat
extremes and emission potentials are increasing rapidly.

5. Conclusions

This study has demonstrated that the intensification of extreme
temperatures significantly influences the trends of biogenic isoprene
emissions. By leveraging two decades of high-resolution data and robust
causal analysis, we extend the analysis beyond mere correlation to
establish a definitive, unidirectional link between extreme heat and
enhanced biogenic output. Our findings confirm that major tropical
ecosystems, including the Amazon, Central Africa, and South Asia, are
not only emission hotspots but also regions experiencing the most rapid
acceleration in isoprene emissions, tightly coupled to the rising intensity
of warmer extreme temperatures.

The causal relationship, quantified through Information Flow anal-
ysis, provides mechanistic clarity to observed global trends and un-
derscores a significant positive climate-biosphere feedback. As climate
warming accelerates, more frequent and intense heat extremes are likely
to amplify vegetation's response, increasing the release of isoprene, a
key precursor to tropospheric ozone and SOAs. The response of isoprene
emissions to extreme temperatures has direct implications for the
intensification of regional air pollution episodes and introduces complex
perturbations to the atmospheric energy balance. Consequently, miti-
gating the factors that drive extreme temperature conditions may help
reduce pollution levels associated with isoprene emissions.

The major limitation of this study is that the analyses rely on sta-
tistical comparisons, which may make it difficult to isolate the main
driving factors in environments where variables covary, such as trends
in mean and extreme temperatures. Controlled model simulations of
long-term isoprene emissions under mean and extreme temperature
conditions are therefore necessary to complement the present findings.
Model products, despite broad validation, retain uncertainties in vege-
tation representation, emission factors, and extreme-temperature esti-
mates, particularly in sparsely observed regions, and may hence
influence the results. In addition, the annual-scale analysis captures
robust signals but omits seasonal variability and moisture-heat in-
teractions that may influence isoprene responses. Hence, further inves-
tigation into seasonal and sub-annual dynamics, including
moisture-heat interactions, the number of summer days, and the length
of the growing season, would capture variability not resolved at annual-
scale analyses.
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