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Abstract. Aerosols exert spatially inhomogeneous radiative effects (REs) that can drastically perturb global and regional
climate. While studies have investigated the impacts of regional anthropogenic aerosol emissions on climate, there is no past
work systematically exploring the impacts of regional wildfire emissions. This study investigates the interconnection between
wildfires and the atmosphere, focusing on the global RE and climate responses from wildfire emissions. We examine the
effects of carbonaceous aerosols and O3 precursors via atmosphere-only and ocean-atmosphere coupled simulations using EC-
Earth3, driven by the CMIP6 wildfire emissions. Additional atmosphere-only perturbation simulations with wildfire emissions
removed from selected regions, i.e., Boreal North America, South America, Africa, Boreal & Central Asia, and Equatorial
Asia, were also performed to determine their local and remote effects. We identify which regions experience stronger RE and
separate direct influences of emissions on radiation from secondary mechanisms. Our simulations indicate that the global RE
of short-lived wildfire emissions is negative (cooling), dominated by aerosol-cloud interactions, with aerosol-radiation
interactions and side effects via O3, water vapor and surface albedo being particularly important in specific regions. The slow,
ocean-mediated response dominates the total climate response to wildfire emissions, showing substantial global cooling, and
pronounced regional effects on precipitation especially in the tropics. Wildfire emissions affect regions both locally and
remotely to the emissions, as they alter circulation, land-atmosphere coupling, convection, and energy transport across the
globe, producing a highly interconnected climate response. Overall, this study demonstrates that short-lived wildfire emissions

can be a substantial modifier of the global climate system.

1 Introduction

Understanding the climate responses to wildfire emissions is of major importance as it benefits the current wildfire modelling
and future projections (He et al., 2024). Wildfires are a key source of aerosols and trace gases, significantly affecting the
Earth’s radiative balance and consequently the climate system (Jiang et al., 2020; Voulgarakis and Field, 2015). For instance,

The wildfire-emitted trace gases can interfere with radiation both directly, due to the emission of greenhouse gases, and
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indirectly, due to the emission of ozone (O3) precursors (Rowlinson et al., 2020; Voulgarakis and Field, 2015; Ward et al.,
2012). The wildfire-emitted acrosols can directly interfere with radiation via scattering and absorption (direct aerosol effects,
the so-called aerosol-radiation interactions (ARI)), and can affect cloud formation and their characteristics via microphysical
and thermodynamic processes (indirect and semi-direct aerosol effects, the so-called aerosol-cloud interactions (ACI))
(Barjeste Vaezi et al., 2025; Jiang et al., 2016, 2020; Kalisoras et al., 2024; Li et al., 2022b; Myhre et al., 2013; Voulgarakis
and Field, 2015). Specifically, absorbing aerosols, such as the wildfire-emitted black carbon (BC), cause localized warming,
reducing relative humidity and eventually cloud cover (semi-direct effect) (Barjeste Vaezi et al., 2025; Li et al., 2022b).
Moreover, the wildfire-emitted aerosols act as Cloud Condensation Nuclei (CCN) and ice-nucleating particles (INPs),
fundamentally altering the microphysical properties of clouds (Barjeste Vaezi et al., 2025; Li et al., 2022b). The first indirect
effect of acrosols on clouds is the Twomey Effect, according to which the smoke-laden cloud will have a higher concentration
of smaller droplets compared to a "clean" cloud (Twomey, 1977). These numerous and smaller droplets increase the surface
albedo of clouds, making them brighter and more reflective. The second indirect effect is the Albrecht Effect; the smaller
droplets are less likely to collide and grow enough to precipitate, consequently increasing cloud lifetime and cloud thickness
(Albrecht, 1989). Hence, the indirect effects of acrosols result on more persistent and reflective clouds, increasing the reflection
of incoming radiation, while in contrast, the semi-direct effect results in cloud inhibition and potentially increasing the radiation
that reaches the Earth’s surface.

To quantify the influence of a perturbation, such as wildfire emissions, on Earth’s radiative balance we use the term of radiative
effect (RE) which is expressed in W/m? and can be positive or negative depending on whether the perturbation has a warming
or a cooling effect respectively (Jiang et al., 2020). Globally, wildfire-emitted aerosols have been reported to exert a negative
RE at the top of the atmosphere (TOA), approximately ranging between -1.6 W/m? and -0.4 W/m?, and mainly driven by ACI
(Clark et al., 2015; Grandey et al., 2016; Jiang et al., 2016, 2020; Landry et al., 2017; Tian et al., 2022; Ward et al., 2012; Zou
et al., 2020). RE from ACI has been reported to range from approximately -1.6 W/m? to -0.2 W/m?2, while the RE from ARI
has been reported to have greater variability, ranging from about -0.2 W/m? to +0.3 W/m? (Clark et al., 2015; Grandey et al.,
2016; Jiang et al., 2016, 2020; Landry et al., 2017; Tian et al., 2022; Ward et al., 2012; Zou et al., 2020). In addition, the
secondarily produced tropospheric O3 has been reported to exert a positive RE, though small on a global scale (Chan et al.,
2001; Natarajan et al., 2012; Ward et al., 2012). However, for both aerosols and O3 the regional effects can be one to two
orders of magnitude larger than the global mean (Chan et al., 2001; Chang et al., 2021; Jiang et al., 2016, 2020; Natarajan et
al., 2012; Rosu et al., 2025; Thornhill et al., 2018; Tosca et al., 2013; Vescovini et al., 2024).

Wildfires also affect the surface albedo in both direct and indirect ways; directly via changing the landscapes and indirectly
via the effects on climate/meteorology (and therefore snow/ice - further discussed below) and aerosol deposition. For instance,
wildfire-emitted BC can increase surface albedo by depositing on snow- and ice-covered land surfaces, eventually darkening
them and promoting snow and ice melting (Barjeste Vaezi et al., 2025; Li et al., 2022b; Tian et al., 2022; Ward et al., 2012).
Previous studies have estimated the radiative effect due to aerosol-induced changes in surface albedo and found the global

means ranging from -0.1 to 0.2 (Grandey et al., 2016; Jiang et al., 2016, 2020; Tian et al., 2022; Yan et al., 2021; Zou et al,,
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2020). On the other hand, studies report the radiative effect of the direct changes in landscape due to wildfire between -0.2
W/m? and -0.03 W/m? on a global scale (Lopez-Saldaia et al., 2015; Ward et al., 2012).

As a consequence of the radiative impacts, wildfire emissions also have large-scale meteorological impacts, which highlight
the complexity of decoding wildfire effects on climate (Barjeste Vaezi et al., 2025; Jain et al., 2024; Rosu et al., 2025, 2026;
Shawki et al., 2018; Stocker et al., 2021; Voulgarakis et al., 2015; Ward et al., 2012; Wells et al., 2023; van der Werf et al.,
2010). Wildfire-emitted absorbing aerosols can warm and stabilize the lower atmosphere, suppress convection and cloud
formation, and eventually reduce precipitation. In addition, the effects on atmospheric stability affect atmospheric circulation
Wildfire-emitted aerosols can shift temperature gradients and modify regional and even large-scale circulation patterns
(Barjeste Vaezi et al., 2025). On large scales, wildfires can affect the Hadley circulation, the Walker circulation, the El Nifio
Southern Oscillation (ENSO) and the inter-tropical convergence zone (ITCZ) with significant implications for drought and
extreme events on a global scale (Barjeste Vaezi et al., 2025; Tosca et al., 2013). Overall, studies have found that wildfire
aerosols mainly cause surface cooling, with global means ranging from -0.8 to -0.01 °C, and precipitation suppression, with
global means ranging from —0.07 to —0.0006 mm/day (Grandey et al., 2016; Jiang et al., 2016, 2020; Landry et al., 2017; Li,
2020; Thornhill et al., 2018; Tian et al., 2022; Tosca et al., 2013; Xu et al., 2021).

The current study aims to quantify the role of wildfire emissions in the climate system. We have performed atmosphere-only
and fully coupled ocean-atmosphere simulations to estimate the radiative and climate effects of present-day wildfire emissions
using EC-Earth3 and the CMIP6 wildfire emissions dataset. The CMIP6 dataset is widely used and largely based on the Global
Fire Emissions Database Version 4s (GFED4s), which relies on satellite observations (Feng et al., 2020). Given that the
GFED¢4s is a well-established and extensively applied dataset, the CMIP6 wildfire emissions dataset serves as a community
benchmark and is therefore deemed as the most suitable for the purposes of this study (Pan et al., 2020; Parrington et al., 2025).
We focus on simulations with repeated conditions as our aim is to quantify the RE and the climate effects in equilibrium at
present-day as it is typically done in such studies (Collins et al., 2017; Kramer et al., 2026; Liu et al., 2018; Myhre et al., 2017;
Pincus et al., 2016; Samset et al., 2016). Therefore, the climatological emissions are repeated in the present work rather than
interannually varying. Also, we performed five more atmosphere-only perturbation simulations with wildfire emissions
removed from selected regions, i.e., Boreal North America, South America, Africa, Boreal & Central Asia, and Equatorial
Asia, to determine the local and remote effects of regional wildfire emissions. We identify which regions experience stronger

forcing from these emissions and separate the roles of different mechanisms in driving the radiative and climate impacts.

2 Methodology
2.1 Model and experimental design

Atmosphere-only (pdClim-type) and fully coupled ocean-atmosphere simulations were performed using the EC-Earth Earth
System Model (ESM), and specifically the EC-Earth3-AerChem configuration (Ddscher et al., 2022; van Noije et al., 2021).
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The EC-Earth3-AerChem configuration incorporates interactive aerosols and atmospheric chemistry following the
specifications of the Aerosol and Chemistry Model Intercomparison Project (AerChemMIP) (Collins et al., 2017; Doscher et
al., 2022; van Noije et al., 2021). For the atmosphere-only set up, the IFS general circulation model (GCM) cycle 36r4
(Integrated Forecasting System), including the land surface module HTESSEL (Hydrology Tiled ECMWF Scheme of Surface
Exchanges over Land), from the European Centre for Medium-Range Weather Forecasts (ECMWF) was coupled with the
TMS5 chemistry-transport model (CTM) (Tracer Model version 5). The IFS was used in its standard configuration (T255L91),
featuring a horizontal resolution of approximately 80 km and 91 hybrid sigma-pressure levels in the vertical. TMS, on the other
hand, was run with a horizontal resolution of 3° x 2° (longitude X latitude) and 34 hybrid sigma-pressure layers, with the
uppermost layer extending to about 0.1 hPa. For the ocean-atmosphere set up, the atmospheric components (IFS, HTESSEL,
and TMS5) are coupled with the NEMO3.6 (Nucleus for European Modelling of the Ocean) ocean model and the LIM3
(Louvain-la-Neuve Sea Ice Model) sea-ice model. NEMO3.6 and LIM3 utilize the ORCA1 tripolar grid, providing a horizontal
resolution of approximately 1° with 75 vertical layers. The IFS (T255L91) and TMS5 (3°%2°) resolutions remain consistent
with the atmosphere-only setup previously described. It is noted that the AerChem model configuration has been selected, in
order to focus on the atmospheric impacts of fire emissions that control the corresponding radiative effects, as it’s typically
done in such studies (Collins et al., 2017; Kramer et al., 2026; Liu et al., 2018; Myhre et al., 2017; Samset et al., 2016).

A (31-year atmosphere-only) 100-year ocean-coupled control simulation was conducted without including wildfire emissions.
This simulation was then repeated with wildfire emissions set to their 2015 levels according to the CMIP6 dataset and the
SSP3-7.0 scenario (Feng et al., 2020). Note that in CMIP6, the year 2015 is effectively treated as a transition year from
historical to future scenarios, therefore the 2015 emissions are almost identical in all SSPs as the scenarios are harmonized
near 2015 in order to branch smoothly from the historical period (Turnock et al., 2020). Moreover, by design, the CMIP6
dataset does not aim to represent specific years in the emissions provided (e.g., the strongly anomalous wildfire emissions of
2015 due to El Nifio conditions), but merely the average emissions of the period centered around a given year, i.e., in this case,
the 2015 wildfire emissions represent the 10-year mean of 2005-2014. In all simulations, the (sea surface temperatures (SSTs),
sea ice concentrations (SICs),) vegetation types and vegetation coverage, CHs and CO, mixing ratios, and all other forcings
described by Déscher et al. (2022) were fixed at their 2015 levels (SSP3-7.0 scenario). Therefore, in the present configuration,
evapotranspiration responds to changes in meteorological conditions and not to changes in vegetation properties.
Anthropogenic emissions were prescribed at their 2015 levels based on the Community Emissions Data System (CEDS) dataset
(Feng et al., 2020). Natural emissions were prescribed and calculated following the methodology described by van Noije et al.
(2014, 2021). The first (1 year of the atmosphere-only) 50 years of the ocean-atmosphere simulations (was) were discarded as
model spin-up time.

Five more perturbation atmosphere-only simulations were performed with wildfire emissions removed from selected regions,
i.e., Boreal North America (hereafter BNA), South America (SA), Africa (AF), Boreal & Central Asia (BSA), and Equatorial
Asia (EQ), to determine the effect of emissions from key wildfire activity regions, on a global scale. Figure 1 depicts the

geographical boundaries adopted from the aforementioned regions in this study.

4
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Figure 1: The geographical boundaries adopted in the present work for the perturbation atmosphere-only simulations with removed
wildfire emissions from the selected regions. The shaded regions indicate the spatial distribution of the wildfire emissions according

to the CMIP6 dataset and the SSP3-7.0 scenario for 2015 (Feng et al., 2020).

In terms of model evaluation, Glif3 et al., (2021) compared the acrosol optical variables derived from different models against
surface in situ, and ground- and space-based observations and found that TM5 and EC-Earth3 performed better than the rest
of the examined models, having the lower biases. Moreover, EC-Earth3 generally demonstrates good skill in reproducing
observed large-scale temperature and precipitation patterns with performance comparable to or exceeding that of many CMIP6
models (Bilbao et al., 2021; Chaudhary et al., 2025; Ddscher et al., 2022; Liu et al., 2023; van Noije et al., 2021; Tang et al.,
2021; Zhu et al., 2024). Evaluation against reanalysis datasets, such as ERAS, and observational datasets, such as GISTEMP,
indicates that EC-Earth3 captures the global mean near-surface air temperature reasonably well, although it exhibits a warm
global bias of approximately 0.5 K, primarily associated with a pronounced warm bias over the Southern Ocean and Antarctica
(Doscher et al., 2022; van Noije et al., 2021). This bias, which is common among coupled climate models, has been largely
attributed to deficiencies in the representation of shortwave cloud radiative effects (Ddscher et al., 2022; Thomas et al., 2024).
Furthermore, EC-Earth3 reproduces the global distribution of precipitation well, although it retains the well-known double
Intertropical Convergence Zone (ITCZ) bias and tends to overestimate precipitation in the tropics, particularly in the Southern
Hemisphere, partly as a consequence of the Southern Ocean warm bias and the associated strengthening of the hydrological
cycle (Ddscher et al., 2022). Nevertheless, several regional studies evaluate the precipitation derived from EC-Earth3 against
reanalysis and observational datasets and highlight its strong performance in reproducing precipitation (Chaudhary et al., 2025;
Liuetal., 2023; Rosu et al., 2026; Tang et al., 2021; Zhu et al., 2024). The model has been identified among the best-performing
CMIP6 models for precipitation simulation over Southeast Asia, successfully reproduces observed precipitation—temperature
relationships during the Indian Summer Monsoon, and accurately captures both the spatial patterns and interannual variability
of extreme precipitation indices over South China and Indochina (Chaudhary et al., 2025; Liu et al., 2023; Rosu et al., 2026;

Tang et al., 2021). Furthermore, EC-Earth3 has been shown to realistically represent the spatial and temporal characteristics
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of compound wind—precipitation extremes (Zhu et al., 2024). Overall, while systematic biases in temperature and precipitation

remain, particularly over the Southern Ocean and tropical precipitation belts, the available evidence suggests that EC-Earth3

provides a robust representation of temperature and precipitation.

2.2 Radiative Effect (RE) decomposition

In this work we are adopting the radiative forcing/effect decomposition proposed by Ghan (2013). Specifically, the

decomposition of RE is considered as follows (Eq. 1):

RE = REAR[ + REACI + RET@S (l)

Aerosol-Radiation Interactions (REar:): This component includes the aerosol direct radiative effect together with the
semi-direct effect (from the perspective of aerosol-induced absorption) (Bellouin et al., 2020a; Ghan, 2013; Jiang et
al., 2020; Kalisoras et al., 2024; Zelinka et al., 2014, 2023). The REari term is calculated as (Eq. 2):

REpp; = A(F — Faf) (2)
where F is the net radiative flux at the top-of-the-atmosphere (TOA), F,¢is the corresponding flux calculated ignoring
the scattering and absorption by aerosols, despite their presence in the atmosphere (i.e., acrosol-free forcing), and A

denotes the difference between the perturbation and the control experiment.

Aerosol-Cloud Interactions (REaci): This component includes the effects on both cloud albedo and cloud persistence,
such as the Twomey and the Albrecht effects, and the semi-direct effect, with the latter representing the effects on
clouds associated with the aerosol-induced absorption and atmospheric heating (Bellouin et al., 2020a; Ghan, 2013;
Jiang et al., 2020; Kalisoras et al., 2024; Zelinka et al., 2014, 2023). The REac; term is calculated as (Eq. 3):

REjcr = A(Faf - chaf) 3)
where Fyr is the net radiative flux at the TOA calculated ignoring the scattering and absorption by aerosols, despite
their presence in the atmosphere (i.e., acrosol-free forcing), Fesris the corresponding flux calculated neglecting the
scattering and absorption by both aerosols and clouds despite their presence in the atmosphere (i.e., clear-sky,

aerosols-free forcing), and A denotes the difference between the perturbation and the control experiment.

REs: The residual term represents the portion of the total radiative effect not attributed to aerosol-radiation or aerosol-
cloud interactions and is diagnosed as a remainder of the decomposition. Specifically, RE.s includes the radiative
impacts associated with changes in atmospheric composition (e.g., O3), and the feedbacks (e.g., temperature, humidity
and surface albedo) (Zelinka et al., 2014, 2023). According to the decomposition of the RE. term presented by
Zelinka et al. (2023), the SW component of RE. includes the change in net radiation caused by surface albedo

changes, the aerosol-free clear-sky radiative contributions from humidity changes, and a masking term which



185

190

195

200

205

210

215

https://doi.org/10.5194/egusphere-2026-3239
Preprint. Discussion started: 18 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

represents the radiative impact of surface albedo changes that are attenuated by the presence of both aerosols and
clouds. On the other hand, the LW component of RE.s includes the aerosol-free clear-sky radiative contributions
from changes in temperature and humidity, along with changes in tropospheric Os. The RE, term is calculated as
(Eq. 4):

REres = AFcsar 4)
where Fegris the net radiative flux at TOA calculated neglecting the scattering and absorption by both aerosols and
clouds despite their presence in the atmosphere (i.e., clear-sky, aerosols-free forcing), and A denotes the difference
between the perturbation and the control experiment.

It is noted that in the present work, land surface albedo is determined as (Eq. 5):

Surface Upwelling Shortwave Radiation

)

Moreover, due to the of the adopted model configuration, surface radiation is affected by snow cover and snow depth

Surface Downwelling Shortwave Radiation

changes, and not by the vegetation cover and background soil albedo changes, since these are prescribed (Ddscher et
al., 2022; van Noije et al., 2021). In addition, the snow darkening effect of black carbon (BC) deposition is not

represented, as the model does not account for it during the radiation calculation.

2.3 Total, fast and slow climate responses

To further investigate the mechanisms behind the climate impacts of wildfire emissions, the total climate response is
decomposed into its fast and slow components (Andrews et al., 2010; Liu et al., 2018; Myhre et al., 2017; Samset et al., 2016;
Zhang et al., 2021). Specifically, the fast response is diagnosed via the atmosphere-only simulations and represents the
immediate atmospheric changes that occur in direct response to wildfire-induced perturbations independently of sea surface
temperature (SST) changes, as opposed to the total climate responses, which can be diagnosed via the fully coupled ocean-
atmosphere simulations. The definition of the relevant diagnostics adopted in the current study is presented below.
- Temperature Response (K): we diagnose the fast temperature response via the atmosphere-only simulations, while
the total temperature response is derived from fully coupled ocean—atmosphere simulations.
- Precipitation Response (mm/day): We separate the precipitation response into fast, slow, and total components as
proposed by previous studies (Liu et al., 2018; Myhre et al., 2017; Samset et al., 2016).
Fast precipitation response: Diagnosed from the atmosphere-only simulations. This component represents rapid
adjustments of the hydrological cycle to radiative forcing, occurring independently of global surface temperature
change. These adjustments are primarily driven by changes in atmospheric radiative heating and stabilization
effects.
Total precipitation response: Diagnosed from the fully coupled ocean—atmosphere simulations. This response

includes both fast adjustments and temperature-mediated (slow) changes.
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Slow precipitation response: Calculated as the difference between the total and fast precipitation responses. This
component represents precipitation changes that scale with global surface temperature change and are largely

controlled by energetic constraints on the hydrological cycle.

Moreover, the Net Atmospheric Absorption (AA) (W/m?) was determined. AA is defined as the difference between the TOA
and surface radiative effects. It represents the net radiative energy absorbed within the atmospheric column. A positive AA

indicates increased atmospheric heating, while negative AA indicates decreased heating.

2.4 Wildfire emissions — global and regional analysis

In this section, the CMIP6 wildfire emissions applied (2015 according to the SSP3-7.0 scenario) (Feng et al., 2020) are
discussed (Figure 2 and Table S1). The CMIP6 wildfire dataset includes emissions of black carbon (BC), organic carbon (OC),
carbon monoxide (CO), methane (CH4), ammonia (NH3), sulfur dioxide (SO.), nitrogen oxides (NOy), non-methane volatile
organic compounds (NMVOCs), and carbon dioxide (CO»). The radiative effects of CO. and CHa are not considered here, as
their mixing ratios were prescribed to 2015 levels, taking into account their atmospheric lifetimes relative to the simulation
period. The focus of this study is on short-lived species: BC, OC, SO,, NH3, NMVOCs, NOy, and CO, which are either aerosols,
aerosol precursors, or ozone (O3) precursors. The primary objective of this work is to investigate the radiative effects of
wildfire-emitted aerosols and the secondary formation of Os.

On a global and annual scale, in terms of total mass, CO is the most abundantly emitted short-lived constituent (approximately
328 Tg), followed by NMVOCs (approximately 63 Tg), OC (approximately 15 Tg), NOx (approximately 14 Tg), NH;
(approximately 3.9 Tg), SO, (approximately 2.2 Tg) and BC (approximately 1.7 Tg). Africa (AF) is the main source of wildfire
emissions, emitting approximately 36% - 62% of the total global emissions depending on the species, followed South America
(SA) (13% - 16.5%), Boreal & Central Asia (BCA) (4% - 19%), Equatorial Asia (EQ) (4% - 10.5%), and Boreal North America
(BNA) (1% - 9%) (Figure 2 and Table S1).
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240  Figure 2: Panel (a) Total global wildfire emissions (in Tg) per species for the year 2015 of the CMIP6 wildfire dataset (scenario SSP3-

7.0) (Feng et al., 2020). Panel (b) Regional percentage contribution (%) to the total global wildfire emissions for 2015.

2.5 Post-Processing and Statistical Methods

The ece2cmor3 tool was used for post-processing the EC-Earth3 output (van den Oord and Bakhshi, 2017).

The Welch's t-test (Welch, 1947) was applied to assess the statistical significance of differences between the control and

245 perturbation simulations. The t-statistic was computed as follows (Eq. 6):

¢t — _XpEXc
Where:
e Xpg and X are the means of the perturbation and control simulations, respectively
e SEx,; and SEx; are the standard errors of the means, calculated as (Eq. 7):
250 SExes = = » SExg = &

e spg and s¢ represent the standard deviations for the perturbation and control simulations, respectively, and,

e 1 is the sample size, which corresponds to 30 for the atmosphere-only simulations, and to 50 for the fully coupled

ocean-atmosphere simulations.
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3 Results and discussion
3.1 Aerosols and tropospheric O3

Our simulations show that global wildfire emissions lead to a pronounced and widespread increases in aerosols and
tropospheric O3 (Figures 3a and 3b). Focusing more on the global effects of the emissions from specific regions of interest,
namely, BNA, BCA SA, AF, and EQ, these seem to also affect remote areas, away from the source region (Figures S5-S9).
However, the magnitude and spatial extent of these impacts depend strongly on both emission quantity and the location of the
source. Briefly, the emissions from AF and SA produce the largest increases in aerosol optical depth (AOD) and tropospheric
O3, consistent with their higher emissions magnitudes compared to BNA, BCA, and EQ. Notably, AF emissions cause a
pronounced and extensive increase in tropospheric O3 on a global scale, affecting most regions. This could be attributed both
to AF’s abundant emissions and to the increased photochemical production of O3 from precursors in the tropics due to stronger
incoming shortwave radiation.

Despite BNA and EQ having comparable emissions, EQ emissions cause a more localized but pronounced increase in AOD,
whereas BNA emissions lead to a more widespread yet weaker AOD increase, which could be explained by the corresponding
effects of atmospheric circulation (Figure S1). Specifically, EQ emissions appear to be transported mainly toward Southeast
Asia (Figure S9), while BNA emissions are dispersed over more remote regions by the polar jet stream and NH westerlies
(Figures S1 and S5). This broader dispersion of wildfire emissions leads to a more diluted and therefore less pronounced AOD
increase in terms of magnitude, compared to the case of EQ emissions. Regarding tropospheric O3, EQ emissions cause both
more pronounced and more widespread increases than BNA emissions (Figures S5 and S9). Similar to AF, this response could
be explained by the higher emissions of O3z precursors from EQ (Figure 2) by the more favorable photochemical conditions
for O3 production in the tropics. In addition, O3 has a longer atmospheric lifetime than aerosols, allowing it to persist during
transport and spread over larger spatial scales. As a result, EQ emissions seem to lead to a more widespread increase of
tropospheric Os despite the less favorable conditions for emission transport compared to BNA.

Regarding the mid- and high-latitudes of the Northern Hemisphere (NH), BCA emissions are higher than those from BNA and
consequently lead to more pronounced and more widespread increases in both AOD and tropospheric Os. This is particularly
evident in the case of tropospheric Os, as BCA emissions induce O3 increases which extend into tropical and subtropical
regions, while BNA effects on O3 seem comparatively weaker. Emission transport in boreal regions is favorable due to the
polar jet stream and NH westerlies. However, despite the similar transport conditions for aerosols, the lower wildfire emissions
of BNA relative to BCA explains the weaker AOD increase. Regarding tropospheric Os, the combination of higher O;
precursor emissions from BCA, efficient long-range transport driven by prevailing wind patterns (Figures S1 and S5-S9), and
the relatively longer atmospheric lifetime of Os likely explain both the widespread and pronounced increases in the NH, and

the Os increases in remote tropical and subtropical regions.
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(a) Aerosol Optical Depth (AOD) at 550nm (b) Tropospheric Ozone Column
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285
Figure 3: Spatial distribution of the changes in (a) Aerosol Optical Depth (AOD) at 500nm, (b) tropospheric O3 column (DU), (¢)

surface albedo, (d) water vapor path (kg/m?), and (e) liquid water path (kg/m?) due to the synergistic effect of present-day global
wildfire emissions. The maps represent the difference between the 30-year mean of the atmosphere-only perturbation simulations

and the 30-year mean of the atmosphere-only control simulations. Black stippling denotes that the change is significant at the 0.05
290 level.
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3.2 Atmosphere-only simulations
3.2.1 Radiative Effect (RE)

When considering the combined effect of all present-day wildfire emissions, they induce a negative RE (cooling effect) on a
global scale and in both hemispheres, consistent with the range of reported RE values in the literature (Clark et al., 2015;
Grandey et al., 2016; Jiang et al., 2016, 2020; Landry et al., 2017; Tian et al., 2022; Ward et al., 2012; Zou et al., 2020). This
negative RE is mainly driven by the changes in downward shortwave radiation, while the changes in downward longwave
radiation contribute to the overall forcing direction particularly in the tropics (Table 1, Figure 4). This cooling is dominated
by the aerosol—cloud interaction component (REacr) (Figure 4b). As already mentioned, wildfire aerosols act as CCN, altering
cloud microphysics and often increasing the liquid water content of clouds (represented here as liquid water path, which is the
column integral of the liquid water content; Figure 4e), which enhances cloud reflectivity and lifetime. In this work, the spatial
distribution of the increases in liquid water path in response to the present-day wildfire emissions coincide with the regions of
the pronounced and widespread shortwave cooling associated with REcr.

On the contrary, the aerosol-radiation interaction component (REar1) (Figure 4c) shows a very small negative value, while the
residual term (RE,) (Figure 4d) shows a small positive value (warming effect), partially offsetting the cooling from REacr.
The spatial distribution of RE (Figure 4a) reveals that the strongest and most widespread effect of the present-day wildfire
emissions appears in the mid- and high latitudes of the NH, as well as over Africa (AF), South America (SA), the Atlantic
Ocean, Equatorial Asia (EQ), and the Indian Ocean, which is mainly driven by REci. Similar spatial patterns, especially the
pronounced negative RE in the NH, were found in previous studies, in which again REscidominates RE (Grandey et al., 2016;
Jiang et al., 2016, 2020; Tian et al., 2022; Xu et al., 2021; Zou et al., 2020). Moreover, boreal regions have higher cloud
sensitivity to aerosols due to cleaner aerosol background conditions, where even small changes in aerosol concentration can
significantly impact cloud properties (Coopman et al., 2018; Koren et al., 2014; Petéja et al., 2022; Zhao et al., 2025). In
tropical regions, however, REagr plays a larger role than in the mid- and high latitudes. This is likely reflects the higher
incoming shortwave radiation in the tropics, which amplifies the reflection/scattering and absorption of radiation by aerosols.
Furthermore, while the higher emissions from AF and SA than in boreal regions may also contribute to stronger REar1, EQ
emissions are smaller than AF and SA and comparable to BNA (Figure 2), suggesting that the higher incoming shortwave
radiation plays a more crucial role in RE than the emissions magnitude alone. It is noted that the positive REar: (Figure 4c)
over the oceans, such as over Atlantic Ocean, Indian Ocean, and Pacific Ocean, coincide with the positive atmospheric
absorption seen in Fig. 4g, indicating the absorbing effect of BC. In addition, RE.s emerges as an important contributor in the
mid- and high latitudes, where it drives specific regional patterns and contributes to RE. As already mentioned, RE,. includes
the forcing due to the changes in tropospheric O3 and the atmospheric feedbacks, such as the changes in water vapor and
surface albedo (Figures 3b-3d and Figure 4e). There are widespread increases in tropospheric Os and decreases in water vapor

at the mid- and high latitudes (Figures 3b and 3d). On the other hand, surface albedo changes have mixed signs in the mid-
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latitudes, while mainly increasing in the high-latitudes, where the most widespread and pronounced changes in surface albedo
are found (Figure 3c). Unlike surface albedo, water vapor changes are widespread and pronounced across the entire NH and
in the low latitudes of the SH (Figure 3b). Although both increases and decreases in water vapor occur in the low latitudes of
both hemispheres, the mid- and high latitudes of the NH are characterized mainly by widespread decreases in water vapor.
According to Fig. 3 and 4, surface albedo changes seem to qualitatively dominate the RE, term, followed by water vapor and
tropospheric Os. Therefore, considering the aforementioned and the fact that REscr dominates the response, even though the
secondarily produced tropospheric Os shows a widespread and pronounced increase on a global scale, especially in the low
latitudes, its effect seems to get overshadowed by the aerosol-induced effects and feedbacks.

Wildfire emissions from the regions of interest (Figures 1 and 2) affect both the source regions and remote areas in terms of
radiative effects (Figures S5-S9). The local effects are mainly driven by REac;, with REagr; playing a smaller secondary role.
On the other hand, the remote effects are often driven by RErs, with surface albedo changes dominating the mid- and high-
latitudes, and water vapor changes drive the RE. term in the low latitudes. Moreover, REacr and REagr; seem to contribute to
these remote effects in the low latitudes as well.

To be more specific, BNA emissions cause a negative RE globally and in the NH, but a small positive RE in the SH (Figure
S5). Globally, REacr is the dominant contributor to RE for BNA emissions, with a pronounced negative value, followed by a
smaller negative RE,. These are only minorly offset by a corresponding small positive REar;. In the NH, the negative RE is
more pronounced and primarily driven by REscr with partial offset from positive REari and REr. In the SH, BNA emissions
cause a small positive RE, mainly driven by the REac; and partially offset by the small negative RE,.;. Regarding the spatial
distribution of RE, the stronger effect is over BNA and driven by REaci.

BCA emissions cause negative RE on a global scale and in the NH, while a positive effect is found for the SH (Figure S6).
REAacr dominates the global and the NH RE, while the positive REarr and RE,. partially counteract it. In contrast, in the SH,
BCA emissions cause positive REaci, REari and RE.s which jointly contribute to a positive RE. Regarding the spatial
distribution of RE, the stronger effect is over BCA and driven by REaci.

SA emissions cause a small positive RE globally and a more pronounced positive RE in the NH, while inducing a negative RE
in the SH (Figure S7). Globally and in the NH, the negative REac; offsets the positive REar; and RE;. In the SH, SA emissions
cause negative REaci, REarr and RE,. which jointly contribute to a negative RE. Regarding the spatial distribution of RE, the
stronger effect is over SA and driven by RE ¢, followed by REag:.

Similar to SA, EQ emissions cause a small positive RE on a global scale, a more pronounced positive RE in the NH, and a
negative RE in the SH (Figure S9). However, unlike all other regions, the RE caused by the EQ emissions is mainly driven by
REari. Globally and in the NH, the positive REar; and RE,.s offset the negative REaci. On the other hand, in the SH, RExci,
REari and RE,s have opposite signs, resulting in a negative RE. EQ emissions cause pronounced RE locally, driven by both
REAcr and REar:.

AF emissions cause the strongest RE among all regions examined, and are the primary driver of the global wildfire-induced

RE (Figure 4 and Figure S8). They cause a pronounced negative RE globally and in both hemispheres, dominated by the REaci.
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REari contributes to an additional cooling globally and in the NH, but causes a warming effect in the SH, with a small positive
value. RE, is positive on a global scale and in both hemispheres, partially offsetting the aforementioned cooling. AF emissions
cause a widespread and pronounced negative RE in AF and the Atlantic Ocean, driven by REaci.

In the southeast Atlantic region and over AF, REagr; from AF wildfire emissions exhibits a dipole pattern, with REar; being
negative over AF and positive over the western coast and the southeast Atlantic (Figure S8). This spatial pattern is also evident
in the corresponding maps depicting the combined effect of global wildfire emissions, indicating that it is primarily driven by
AF emissions. Previous studies have shown that the overall sign of REar: depends strongly on the albedo of the underlying
surface beneath absorbing aerosols (Bellouin et al., 2020b; Che et al., 2021; Chen et al., 2024; Giuffrida et al., 2025; Li et al.,
2022b). For instance, when BC is above marine clouds or bright land surfaces, such as snow-covered regions or deserts, its
REar: becomes positive. Clouds and bright surfaces reflect a large portion of the incoming solar radiation upward. Therefore,
the BC layer absorbs both the direct incoming solar radiation and the reflected upward radiation, consequently causing positive
REari. On the other hand, when absorbing aerosols are above the cloud-free ocean or land with low and variable surface
albedo, their REar: tends to be either very weak or negative. In contrast, reflective/scattering aerosols, such as OA, are not
sensitive to the albedo underneath. In our case, the wildfire-induced change in cloud cover follows the aforementioned dipole
pattern in REar: (Figure 4c and Figure S2). Over AF, total cloud cover decreases, mainly due to a reduction in high clouds
(Figure S2). With fewer high clouds, more incoming solar radiation reaches the wildfire-emitted aerosols, increasing the
amount of radiation available for scattering and reflection, enhancing the negative REsg:. In contrast, over the southeast
Atlantic Ocean and along the coast of western AF, both low and high cloud cover increase. On the one hand, the increased
high cloud cover reduces the radiation reaching the aerosol layer, and the increased low clouds are below the wildfire-emitted
aerosols (Figure S2), leading to more reflections and more radiation for the BC component of the aerosols to absorb. Taken
together, they provide a consistent explanation for the positive REar; over the southeast Atlantic and the coast of AF. Moreover,
our findings are consistent with similar research conducted in the past focusing on the aforementioned region, where wildfire-
emitted aerosols caused positive REar; over southeast Atlantic and near the coast of AF (Che et al., 2021; Choi and Chung,
2014; Giuffrida et al., 2025).

Similarly to the southeast Atlantic, the northern Atlantic near BNA also experiences positive REar; (Figure 4c and Figure S3).
However, its signal is less pronounced as both cloud cover and BC increase to a smaller extent than in the southeast Atlantic.
The wildfire plume seems to rise above clouds, causing the positive REarr (Bellouin et al., 2020b; Che et al., 2021; Chen et
al., 2024; Giuffrida et al., 2025). Nevertheless, as in the southeastern Atlantic, the widespread and pronounced negative REacr
dominates the overall RE, overshadowing the direct effect of absorbing aerosols.

Over the Indian Ocean there is a positive anomaly in the downward longwave radiation associated with the positive REari,
despite the negligible increase in AOD (Figure 4c and Figure S4). However, this positive REar: coincides with the increased
atmospheric absorption (Figure 4g), suggesting that REag; in this area is driven by the changes in aerosol loading and the local
meteorological effects. First of all, REag; over the Indian Ocean can be associated with increased relative humidity, implying

increased aerosol water uptake and, consequently, greater longwave absorption by hygroscopic aerosol particles (Figure S4).
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Secondly, the REar: coincides with increases in the Lagrangian tendency of vertical velocity (®), indicating enhanced aerosol
uplift. Consistent with this interpretation, vertical profiles of organic acrosol (OA) and black carbon (BC) mass mixing ratios
suggest modest increases in aerosol concentrations between approximately 700 and 250 hPa relative to lower levels. These
increases do not necessarily produce significant AOD anomalies, since AOD represents the integrated aerosol burden across
the full atmospheric column. However, uplifted BC aerosols can absorb and re-emit longwave radiation at higher altitudes,
where ambient temperatures are lower. Because radiative emission decreases with temperature, this process reduces longwave
re-emission to space and increases atmospheric radiative retention, thereby generating a greenhouse-like effect mediated by
aerosols. This mechanism appears to be further amplified by substantial reductions in aerosol liquid water content at lower
levels within the region of interest. As a result, a larger fraction of upwelling longwave radiation can propagate into the upper
troposphere, where absorption by elevated acrosol becomes more effective. Overall, the positive REar; over the Indian Ocean
appears to be driven from a complex interaction between enhanced aerosol humidification, vertical uplift, and reduced low-
level aerosol liquid water content.

Several regions are consistently affected by wildfire emissions originating from remote sources (Figures S5-S9). However,
these remote effects are often overshadowed by the RE of local emissions. For example, a region in western BNA exhibits a
consistently positive RE induced by BCA, SA, AF, and EQ emissions. This signal is driven by REs mainly via the surface
albedo changes. While a similar positive RE is also evident as a response to BNA emissions, it is largely masked by the
stronger negative REac1. Another region showing a consistent remote signal is located in SA, where BNA, BCA, AF, and EQ
emissions cause a positive RE driven by REaci. However, this signal is overshadowed by the stronger negative REac; caused
by the local SA wildfire emissions. Asia is also affected by emissions from all the abovementioned regions, exhibiting spatially
heterogeneous RE responses. In the mid- and high latitudes, pronounced RE patterns are mainly driven by RE.s associated
with surface albedo changes, whereas in the low latitudes, RE is driven by RE.s due to water vapor changes and REacr.
Nevertheless, these remote effects are largely offset by the strong REacr and RE,.s caused by the BCA. Finaly, the pronounced
negative RE found over the South Pacific Ocean and the Indian Ocean near Australia (Figure 4a and Figures S5-S9) is not

directly attributable to the wildfire emissions originating from any of the abovementioned regions under investigation.
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Table 1: Global and hemispheric means of RE, REar1, REac1, and REres, caused by the global present-day wildfire emissions, as well
as from emissions from selected regions, namely Boreal North America (BNA), Boreal & Central Asia (BCA), South America (SA),

425  Africa (AF), and Equatorial Asia (EQ). NH corresponds to the Northern Hemisphere and SH to the Southern Hemisphere.

Wildfire RE (W/m?) REagr1 (W/m?) REac1 (W/m?) RE,es (W/m?)

emissions  Global NH SH Global NH SH Global NH SH Global NH SH
origin

Global -0.71 -091  -0.51 -0.00 0.04 -0.04  -0.77 -0.98  -0.55 0.06 0.04 0.09

BNA -0.12 -0.27  0.04 0.01 0.02 0.00 -0.12 -0.31 0.07 -0.01 0.02 -0.03
BCA -0.07 -0.27  0.13 0.08 0.09 0.08 -0.17 -0.40  0.05 0.03 0.05 0.00
SA 0.03 0.15 -0.09 0.02 0.06 -0.01 -0.07 -0.08  -0.05 0.08 0.18 -0.02
AF -0.24 -0.18  -030  -0.01 -0.04 0.02 -0.27 -0.18  -0.36 0.05 0.05 0.05
EQ 0.05 0.11 -0.01 0.04 0.08 -0.01 0.00 -0.02  0.01 0.02 0.05 -0.01
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Figure 4: Spatial distribution of (a) the Radiative Effect (RE) (W/m?) of the present-day global wildfire emissions, and its
decomposition into the RE due to (b) the Aerosol-Radiation Interactions (REar1), (¢) the Aerosol-Cloud Interactions (REacr), and
(d) the residual term (RErcs). Moreover, (e) the shortwave and (f) longwave components of RE are presented, along with (g) the
Atmospheric Absorption. The maps represent the difference between the 30-year mean of the atmosphere-only perturbation

simulations and the 30-year mean of the control simulations. Black stippling denotes that the change is significant at the 0.05 level.
3.2.2 Fast climate responses

We proceed to analyse the synergistic effects of the global wildfire emissions on climate on short timescales, as well as the
individual effects from the different source regions (Figure 1). When it comes to precipitation, the most pronounced changes
due to wildfire emissions occur in the low latitudes (fast response; Figure 5). These changes are primarily driven by convection,
while the changes in large-scale precipitation seem to play a secondary role (Figure 5 and Figure S10). Nevertheless, the
magnitude of total precipitation changes is smaller in the mid and high latitudes compared to the low latitudes. Overall, the
spatial patterns of total, convective, and large-scale precipitation fast responses are broadly consistent with previous studies
(Grandey et al., 2016; Jiang et al., 2016, 2020; Li et al., 2022a; Tian et al., 2022; Tosca et al., 2013).

Due to the combined effect of global wildfire emissions, the global annual mean precipitation decreases by 0.01 mm/day, while
the corresponding reductions on the NH and the SH are 0.01 and 0.02 mm/day, respectively (Table 2 and fast response; Figure
5g-1). The individual effects of wildfire emissions originating from the regions of interest, namely BNA, BCA, SA, AF, and
EQ, on precipitation are small when considered at the global scale and across both hemispheres, as reflected in the global and
hemispheric mean responses (Table 2). On the other hand, it is worth noting that regional wildfire emissions exert widespread
and pronounced impacts on precipitation on the low latitudes independently of the geographic location of the source (Figure
S10). For instance, the pronounced precipitation changes over SA, and EQ are the synergistic effect of remote source regions
rather than being driven predominantly by local wildfire emissions. An exception is the strong suppression of precipitation
over central AF, which is primarily attributable to local wildfire emissions. Moreover, in all cases examined, precipitation
changes are correlated with changes in latent heat flux (Figure S12), particularly over land and at low latitudes where
convective precipitation dominates, due to the rapid adjustments of the surface.

The global annual mean surface temperature response to the combined effects of global wildfire emissions is small (—0.03 K),
indicating a small cooling that is confined to the land (fast response; Figure 6b and Table 2). Similar behavior has been observed
in previous studies, in which the fast temperature responses are restricted to the land due to the prescribed SSTs (Jiang et al.,
2016, 2020; Kasoar et al., 2018; Liu et al., 2018; Tian et al., 2022; Zhang et al., 2021). In general, the surface temperature
feedbacks, are mainly driven by the advection of colder and warmer air masses by atmospheric circulation. For instance, the
widespread and pronounced cooling over Boreal and Temperate North America can be attributed to the transport of cold air
via the polar jet stream (Figure S1). Similarly, the cooling over AF and SA may result from pole-to-equator cold air transport.

Moreover, the warming found in the Arctic is consistent with previous studies (Jiang et al., 2016, 2020; Wu et al., 2024; Zhong
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et al., 2024) and appears to be linked to the advection of warmer air from lower latitudes. In contrast, the warming over specific
regions of SA, southern AF, and Australia may be associated with the suppression of precipitation in these areas (fast response;
Figures 5g-i and 6b).

Similarly to precipitation responses, regional wildfire emissions affect the surface temperature of remote areas (Figure S11);
for instance, BNA, SA, AF and EQ wildfire emissions cause a widespread and pronounced warming over northern and central
Asia and Europe, which is largely offset by the pronounced cooling induced by the BCA wildfire emissions. In addition, BNA,
SA, AF, BCA and EQ wildfire emissions cause warming over southern SA, cooling over eastern central and northern SA, and
contribute to the widespread and pronounced cooling over Boreal and Temperate North America. However, AF, SA, and EQ
wildfire emissions cause warming in specific regions of Boreal and Temperate North America which is overshadowed by the
pronounced cooling caused by the BCA and BNA emissions. Similarly, AF and SA emissions counteract the warming over
Africa induced by EQ emissions. Finally, EQ emissions appear to exert stronger surface temperature responses in remote
regions than within the source region itself. These fast temperature responses are consistent with the spatial patterns of sensible
heat flux changes (Figure S13), which further support the proposed mechanisms. Overall, the wildfire emissions originated
from BNA and BCA cause a small cooling on a global scale and in both hemispheres (Table 2), while the wildfire emissions

from the SA, AF and EQ cause a small warming, which is driven by the widespread warming of the NH.

Table 2: Global and hemispheric means of the change in Near-Surface Temperature (K) and Total Precipitation (mm/day) as fast
responses to the present-day wildfire emissions. This table presents the synergistic effect of the global present-day wildfire emissions,
as well as the effects of the selected wildfire emissions region source (Figure 1), namely Boreal North America (BNA), Boreal &
Central Asia (BCA), South America (SA), Africa (AF), and Equatorial Asia (EQ). NH corresponds to the Northern Hemisphere and
SH to the Southern Hemisphere

Wildfire Near-Surface Temperature (K) Total Precipitation (mm/day)

emissions
. Global NH SH Global NH SH

origin
Global -0.03 -0.06 -0.03 -0.012 -0.006 -0.018
BNA -0.01 -0.01 -0.01 -0.002 0.006 -0.010
BCA -0.04 -0.06 -0.04 0.000 -0.000 0.001
SA 0.01 0.02 0.01 -0.002 0.009 -0.013
AF 0.00 0.01 0.00 -0.005 -0.004 -0.006
EQ 0.02 0.03 0.02 -0.001 -0.001 -0.000
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3.3 Fully coupled ocean-atmosphere simulations

The widespread and pronounced negative RE discussed earlier (Figure 4) induces decreases in the near-surface air temperature
(total response; Figure 6a). Global wildfire emissions induce an overall global cooling of approximately -0.51 K, with a
stronger effect in the NH (-0.77 K) compared to the SH (-0.25 K). The cooling is larger in the mid and high latitudes and
becomes particularly pronounced in the Arctic, where it reaches nearly 2 K. This latitudinal amplification of the cooling is
consistent with findings from previous studies focusing on the climate effects of aerosols and Near Term Climate Forcers
(NTCFs) emitted from wildfires, anthropogenic activities, or from multiple sources (Jiang et al., 2020; Kasoar et al., 2018; Li,
2020; Li et al., 2022a; Liu et al., 2018; Santos-Espeso et al., 2025; Zhang et al., 2021). In low latitudes, the cooling is more
pronounced over land than over ocean. In general, previous studies have attributed this contrast to the lower heat capacity of
land compared to oceans (Jiang et al., 2020; Zhang et al., 2021).

Notably, warming is observed over the North Atlantic Warming Hole (NAWH) (SST response; Figure S15, and near-surface
temperature total response; Figure 6a) (Li and Liu, 2025). This warming is consistent with previous studies, such as the one
conducted by Qasmi (2023), who studied the effects of anthropogenic aerosols. Moreover, Kasoar et al. (2018) and Kusakabe
& Takemura (2023) found that the removal of SO, emissions produces, on the one hand, a widespread warming, while on the
other hand, it causes a cooling anomaly over the NAWH region, a pattern that is effectively inverse of the response to the
wildfire emissions of the present work. Therefore, the aforementioned response to the present-day wildfire aerosols suggests
that the attenuation of the NAWH is associated with a slight strengthening of the AMOC, given that a weakened AMOC is
known to contribute to the development of the NAWH (Li and Liu, 2025). This is confirmed by the pattern of the SST anomaly
(Figure S14), which aligns with the longitudinal positioning of the AMOC, including the western warm, shallow upper branch
and the eastern cold, deep return branch (McCarthy et al., 2020).

The slow temperature response that drives the total response reflects the oceans’ gradual heat release in order to reach the new
equilibrium (Ceppi et al., 2018). While the fast temperature response consists of the immediate atmospheric adjustments to the
perturbation, it is the slow, ocean-mediated response that is responsible for the aforementioned large-scale cooling dominating
the globe, due to the present-day wildfire emissions. In other words, the slow response allows the initial localized fast
temperature response to dominate the rest of the hemisphere, via ocean circulation (total response; Figure 6a). Without the
ocean's ability to store and move this energy, the temperature response would remain largely confined to the region directly
above the forcing.

Global wildfire emissions lead to a suppression of precipitation at the global scale and in both hemispheres when it comes to
the total and slow precipitation responses (total and slow responses; Figure 5a-f, and Table 3). It is noted that the slow responses
dominate the total precipitation response. Similar to the fast response, the total and slow precipitation changes are most
pronounced in the tropics, with particularly strong signals over the North Atlantic and North Pacific Oceans. Convective

precipitation dominates the precipitation responses, while large-scale precipitation plays a secondary role. Overall,
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precipitation suppression is stronger in the NH than in the SH, except for the large-scale precipitation component, where the
opposite pattern is observed.

As shown in Fig. 5 (total and slow response), the precipitation anomalies, particularly over the Pacific Ocean, resemble an
amplification of the warming phase of the El Nifio—Southern Oscillation (ENSO) (Trenberth et al., 2007), with precipitation
shifting from the Maritime Continent to central Pacific, and drying several tropical oceanic regions. This pattern, together
with eastward zonal wind anomalies (Figure S1) indicating a weakened Walker circulations, is characteristic of El Nifio-like
atmospheric conditions (Falster et al., 2023). However, the oceanic response differs: the Nifio 3.4 SST anomalies show a
decrease in SSTs due to present-day wildfire emissions (Figure S15; mean: -0.31 °C), which is inconsistent with the typical
oceanic warming associated with El Nifio. In contrast, the Southern Oscillation Index (SOI), which reflects the atmospheric
component of ENSO variability, exhibits negative anomalies (Figure S16; mean: -0.20), a pattern generally associated with El
Niflo conditions. The aforementioned suggests a partial decoupling between the atmospheric and the oceanic ENSO
components, as also noted by Bayr et al. (2020) From a dynamical perspective, this behavior implies a disruption of the
Bjerknes feedback (Bjerknes, 1969), which links eastern Pacific SST anomalies with atmospheric circulation changes and
thermocline adjustments, thereby reinforcing ENSO variability. Weakening this feedback could alter ENSO behavior, leading
to reduced intensity or increased variability.

The precipitation response in the mid- and high-latitudes shows a mixture of negative (predominantly) and positive changes.
The more widespread suppression of precipitation reflects the thermodynamical response to the aforementioned cooling
(Figures 5a-f and 6a). On the other hand, the increased precipitation over the North Atlantic Ocean may be linked to a
strengthening of the AMOC, which is associated with the increase in precipitation in previous studies (Bellomo et al., 2021,
2023; Mimi and Alam, 2026). Iversen et al. (2023) and Kusakabe & Takemura (2023) associate the development of the NAWH
with reduced precipitation, while Bellomo et al. (2021, 2023) and Mimi and Alam (2026) associate the weakening of AMOC
with decreased precipitation in the North Atlantic. Taken together, the aforementioned previous findings point to an AMOC
strengthening alongside NAWH attenuation as the key drivers of the increased North Atlantic Ocean precipitation in our results

presented here (Figures 5a-f).
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Figure 5: Spatial distribution of the Precipitation Response (mm/day) (total (a)-(c), fast (d)-(f) and slow (g)-(i)) to the present-day
global wildfire emissions, and its decomposition into convective and large-scale precipitation. Regarding the fast response, the maps
545 represent the difference between the 30-year mean of the atmosphere-only perturbation simulations and the 30-year mean of the
control simulations, while regarding the total response, the difference between the 50-year mean of the fully coupled ocean-
atmosphere perturbation simulations and the corresponding control simulations is depicted. Finally, the slow response represents

the difference between the total and the fast response. Black stippling denotes that the change is significant at the 0.05 level.

550 Table 3: Global and hemispheric means of total, convective and large-scale precipitation (mm/day), for the total, slow and fast
climate responses to the synergistic effect of present-day wildfire emissions.

Total Precipitation Convective Precipitation Large-Scale Precipitation

Response  Global NH SH Global NH SH Global NH SH
Total -0.046 -0.065 -0.028 -0.028 -0.054 -0.003 -0.018 -0.011 -0.025
Slow -0.034 -0.059 -0.010 -0.021 -0.051 0.010 -0.013 -0.007 -0.019
Fast -0.012 -0.006 -0.018 -0.008 -0.003 -0.013 -0.005 -0.003 -0.006

22



555

560

565

570

575

https://doi.org/10.5194/egusphere-2026-3239
Preprint. Discussion started: 18 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

(a) Total Response | Near-Surface Air Temperature (b) Fast Response | Near-Surface Air Temperature
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Figure 6: Spatial distribution of the Near-Surface Air Temperature (K) (a) total and (b) fast response to the present-day global
wildfire emissions. Regarding the fast response, the maps represent the difference between the 30-year mean of the atmosphere-only
perturbation simulations and the 30-year mean of the control simulations, while regarding the total response, the difference between
the 50-year mean of the fully coupled ocean-atmosphere perturbation simulations and the corresponding control simulations is

depicted. Black stippling denotes that the change is significant at the 0.05 level.

4 Conclusions

Present-day wildfire emissions produce an overall cooling effect (negative Radiative Effect (RE) of approximately -0.71 W/m?)
at the top-of-the-atmosphere (TOA) which is dominated by the aerosol-cloud interactions (REacy ; approx. -0.77 W/m?), rather
than the direct aerosol-radiation effects (REar: ; approx. -0.00 W/m?). RE is mainly driven by the changes in downward
shortwave radiation at TOA. However, in the tropics, the changes in downward longwave radiation seem to play an important
role in shaping the direction of the RE signal. The atmospheric feedbacks, such as the changes in water vapor and surface
albedo, are particularly important in the NH high latitudes, contributing to the total response. The more widespread radiative
effects are found on the mid and high-latitudes of the NH, as well as near the tropics in South America, Africa and Atlantic
Ocean. The wildfire emissions from Africa (AF), Boreal North America (BNA) and Boreal & Central Asia (BCA) are a main
contributor to the global wildfire RE, as they cause widespread and pronounced negative RE (cooling), affecting even remote
areas, primarily through strong REaci. Equatorial Asia (EQ) is the only region where the aerosol-radiation interactions (RErr)
dominate the total response. Moreover, the sign and the magnitude of the response are highly dependent on the conditions
underlying the wildfire plume and on the aerosol background. Remote effects of emissions are identified, but are typically
overshadowed by the impact of regional wildfire emissions. Also, although wildfire emissions substantially increase
tropospheric Os, its warming effect gets overshadowed by the aerosol-driven changes in atmospheric composition and
feedbacks. Thus, the aerosol effects dominate the overall response to wildfire emissions. Moreover, our results agree with the

reported effect of wildfire-emitted aerosols in the literature; specifically, our RE, REaci, and REagr: are consistent with
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previously reported values, and REac is identified as the main driver of RE (Clark et al., 2015; Grandey et al., 2016; Jiang et
al., 2016, 2020; Landry et al., 2017; Tian et al., 2022; Ward et al., 2012; Zou et al., 2020).

Regarding the fast climate responses, wildfire emissions can cause large and widespread precipitation changes, especially in
the low latitudes, with the global mean indicating a suppression (approximately -0.012 mm/day). Convection is the dominant
mechanism of precipitation changes, rather than large-scale phenomena. Overall, the spatial patterns of total, convective, and
large-scale precipitation fast responses are broadly consistent with previous studies (Grandey et al., 2016; Jiang et al., 2016,
2020; Li et al., 2022a; Tian et al., 2022; Tosca et al., 2013). Local wildfire emissions are not always the dominant driver of
precipitation changes within a region. In several areas, such as South America and Equatorial Asia the largest precipitation
anomalies arise from the synergistic effect of remote wildfire source regions rather than local emissions alone. On the other
hand, there are some regions, such as Central Africa, where local wildfire emissions are the primary driver of the changes in
precipitation patterns. When it comes to fast temperature response, wildfire emissions cause only a small cooling globally
(approximately -0.03 K), which agrees with the findings of previous studies (Jiang et al., 2016, 2020; Liu et al., 2018; Tian et
al., 2022; Zhang et al., 2021). However, regional surface temperature changes can be more pronounced, especially in the
Northern Hemisphere. Moreover, the surface responses are controlled less by local radiative forcing and more by atmospheric
circulation and heat transport. Regional wildfire emissions can strongly affect surface temperatures far from their source
regions. Overall, the fast precipitation and temperature fast responses show that wildfire impacts are not confined to the source
regions. Instead, wildfire emissions alter circulation, land-atmosphere coupling, convection, and energy transport across the
globe, producing a highly interconnected climate response.

The slow, ocean-mediated response is the dominant driver of the total climate response on wildfire emissions. Present-day
wildfire emissions produce a substantial global cooling (approximately -0.51 K), with stronger cooling in the Northern
Hemisphere than in the Southern Hemisphere, as has been demonstrated in the past for aerosols and Near Term Climate Forcers
(NTCFs) emitted from wildfires, anthropogenic activities, or from multiple sources (Jiang et al., 2020; Kasoar et al., 2018; Li,
2020; Li et al., 2022a; Liu et al., 2018; Santos-Espeso et al., 2025; Zhang et al., 2021). Total precipitation decreases globally
(approximately -0.046 mm/day) and in both hemispheres, with stronger suppression in the Northern Hemisphere. As with
temperature, the slow response dominates the total precipitation change, indicating that ocean-driven climate feedbacks are
stronger than the immediate atmospheric adjustments. The largest precipitation changes occur in the tropics, especially over
the Pacific and Atlantic Oceans. Convective precipitation remains the dominant component of the response, while large-scale
precipitation changes are secondary. Overall, the total climate response to wildfire emissions is dominated by slow ocean-
atmosphere feedbacks rather than immediate local atmospheric adjustments. These feedbacks amplify the cooling, redistribute
it globally, suppress precipitation, and also appear to modify large-scale circulation systems such as the AMOC and ENSO.
Despite the overall agreement of the simulated responses with the literature, some limitations should be considered when
interpreting the results. Our analysis relies on a single Earth System Model and a single wildfire emissions dataset. In future
work, it would be beneficial to extend these simulations to multi-model intercomparisons and to conduct simulations driven

by alternative emission datasets. Such an approach would allow a more systematic assessment of model- and emission-
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dependent uncertainties and would help to constrain the robustness of the identified responses across different modelling
frameworks and wildfire representations.

However, our results shed light on a relatively unknown forcer of our climate system, i.e., wildfire emissions. They reveal that
wildfire emissions are an active component of the climate system, as they can have pronounced effects on climate both locally
and in remote areas across the whole globe. Overall, our results demonstrate that present-day wildfire emissions affect climate
through complex interactions between aerosols, clouds, atmospheric circulation, and ocean feedbacks, producing substantial

regional responses that may exceed what is implied by global mean changes alone.
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