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Smoke-weather interaction affects extreme wildfires

in diverse coastal regions

Xin Huang?t*, Ke Ding"21, Jingyi Liu?, Zilin Wang’, Rong Tang’, Lian Xue, Haikun Wang'?,
Qiang Zhang®, Zhe-Min Tan', Congbin Fu?, Steven J. Davis®*, Meinrat 0. Andreae>57, Aijun Ding"?*

Extreme wildfires threaten human lives, air quality, and ecosystems. Meteorology plays a vital
role in wildfire behaviors, and the links between wildfires and climate have been widely studied.
However, it is not fully clear how fire-weather feedback affects short-term wildfire variability,
which undermines our ability to mitigate fire disasters. Here, we show the primacy of synoptic-
scale feedback in driving extreme fires in Mediterranean and monsoon climate regimes in the
West Coast of the United States and Southeastern Asia. We found that radiative effects of
smoke aerosols can modify near-surface wind, air dryness, and rainfall and thus worsen air
pollution by enhancing fire emissions and weakening dispersion. The intricate interactions among
wildfires, smoke, and weather form a positive feedback loop that substantially increases air

pollution exposure.

n recent decades, wildfires have increas-
ingly threatened lives and infrastructure,
degraded air quality, and damaged eco-
system services (I-3). Globally, wildfires
account for ~25% of the world’s forest loss
and ~8% of premature deaths from poor air
quality (4, 5). The intensity of wildfires is ex-
tremely heterogeneous and largely determined
by meteorology on a range of temporal scales
(6, 7). Meteorology affects vegetation produc-
tivity (fuel availability), determines the length
of fire seasons (fuel flammability), and influ-
ences the spread of the fires (fire behavior), yet
prior studies of the fire-meteorology relation-
ship have mostly focused on long-term climate
scale (8, 9) rather than short-term weather pro-
cesses. Anomalous synoptic weather condi-
tions at time scales of ~1 to 2 weeks, such as
exceptionally strong winds that drive rapid fire
spread (10) and intense hydrological droughts
that make vegetation extremely combustible
(1I), have important impacts on the behav-
ior of extreme wildfires (12, 13). The recent
increase in catastrophic wildfires globally
(6, 14) calls into question our understanding
of the drivers of extreme wildfire events, as
well as our capacity to manage the most se-
vere fires, especially in regions with dense
populations.
In general, wildfires exhibit great variability
on temporal scales, ranging from days to years,
but extreme wildfires (i.e., >90th percentile of
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daily burned area in one specific fire-prone
region) are tightly linked to synoptic fluctua-
tions (15, 16). To quantitatively understand the
temporal scales of wildfires, we applied empir-
ical mode decomposition and Fourier trans-
form to daily burned area in major wildfire
regions during 2002-2021 (see the materials
and methods). Figure 1 shows that synoptic-
scale (<20 days) variation of wildfires is evi-
dent in most fire-prone areas across the globe.
Among them, the US West Coast and South-
eastern Asia are characterized by the most
pronounced fluctuations down to 1 to 2 weeks,
corresponding to the time period of extreme
fires that have repeatedly ravaged both re-
gions (I7). Given the dense populations in these
regions, the impacts of these fires on air quality
and the associated human health exposure are
enormous (I8, 19).

During extreme fire events, weather condi-
tions show distinct patterns in both regions
with respect to key meteorological drivers such
as relative humidity, wind speed, and pre-
cipitation (Fig. 1). In the US West Coast, which
has a Mediterranean climate, extreme fires
usually begin when near-surface humidity is
very low and wind speeds are at their highest.
During these periods, dry air rapidly lowers
vegetation moisture while strong winds accel-
erate the rate of fire spread, and the com-
pounding effect of these two drivers gives rise
to large and severe fires (10). By contrast, the
variability of rainfall in the monsoon climate
of Southeastern Asia largely determines the
magnitude of the fire activity, with rainfall def-
icits making fuels flammable and drying peat-
lands (20).

Meteorological parameters such as humidity,
wind speed, and precipitation are key factors
modulating extreme wildfires (14, 21), whereas
radiatively active aerosols such as black car-
bon (BC) in fire smoke may create feedback
by substantially altering meteorology (22-24).
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However, relatively little attention has been
paid to the complex interactions among smoke
aerosols, weather, and wildfire behaviors on a
synoptic scale. We used a coupled meteorology-
chemistry model together with multiple satel-
lite and ground-based observational datasets to
investigate the role of fire-weather feedback in
the spread and impacts of extreme wildfires
for the two regions with the largest synoptic-
scale variability in wildfires.

The US West Coast is suffering from in-
creasingly destructive wildfires, with records
broken every few years (10, 25), and the wildfire-
induced severe haze pollution has long been a
top air-quality concern there (26). In September
2020, a series of wildfires in Oregon and
California burned 1.2 million acres (defined
as a “gigafire” for an area >1 million acres;
fig. S1). Fire smoke stretched from the Pacific
Ocean over most of Oregon, California, and
even Canada (Fig. 2), and hazardous haze pol-
lution engulfed valley cities (10). During this
gigafire, the observed near-surface specific hu-
midity and wind speed reached unprecedent-
ed levels of 3.3 g/m® and 13.1 m/s, respectively,
in the western Oregon Cascades. Correspond-
ingly, there were strong anomalies compared
with the climatic mean in the large fire po-
tential (LFP) index (see the supplementary
materials).

To explore the interaction mechanism among
smoke aerosols, meteorology, and this gigafire,
we conducted meteorology-chemistry-coupled
simulations using the WRF-Chem model (see
the supplementary materials). Smoke aero-
sols modify meteorology through impacts on
both radiation transfer and clouds. Given the
cloudless skies over the US West Coast during
the gigafire (fig. S2), we performed two par-
allel experiments, one with an aerosol-radiation
interaction (EXP_ARI) and the other without
(EXP_nARTI), and validated the model with
in situ and remote sensing measurements
(figs. S3 and S4). During the most severe haze
pollution (10 to 13 September 2020), aerosol
optical depth (AOD) sharply increased from
~0.2 to >2. Such a high aerosol loading sub-
stantially perturbed the radiation energy balance
by trapping >100 W/m? (~32%) of incoming
solar energy in the atmosphere and in turn
altered thermal stratification (fig. S5).

The light absorption by aerosol tended to
warm the smoke layer and cool the land sur-
face over the US West Coast, thereby suppress-
ing the development of the planetary boundary
layer (PBL), a phenomenon known as the
aerosol-PBL interaction (27). On 12 September
2020, the decrease in near-surface tempera-
ture was 6°C in Salem, Oregon, accompanied
by a decline in daytime PBL height of >500 m
(~63%). Further, our results show that the
aerosol-PBL interaction increased near-surface
fine particle concentrations (PM,) by >100 ug/m®
on the western slope of the Cascade Mountains
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Fig. 1. Synoptic-scale variability of wildfires and meteorology during extreme
fires in typical fire regions in the globe. (A) Global map of population density
and power spectra of burned area variation at synoptic scale in main fire-prone
regions based on empirical mode decomposition and Fourier transform (see the
materials and methods). The Fourier power at different oscillation periods is color
coded. Six typical wildfire regions are marked by rectangles. (B and C) Two-week

during 10 to 13 September 2020 (Fig. 2D), due
mainly to the smoke-stabilized PBL trapping
pollution in a much shallower PBL.

The fire smoke also substantially modified
vertical and horizontal winds because the re-
allocated radiative energy caused a katabatic
and offshore wind anomaly. Specifically, land
cooling led to a strong easterly wind anomaly
of 3 to 4 m/s in near-surface wind, especially at
the western slope of the Cascade Mountains.
Furthermore, the aerosol-PBL interaction over
the land area with high AOD prevented the
onshore transport of water vapor from the
Pacific Ocean. Thus, the near-surface air was
dried out over the fire-prone areas, which is
exactly the area with abnormally intense wild-
fires and severe pollution compared with the
climatological average (fig. S6). Associated
with the enhanced downslope wind, the wind-
speed was amplified (Fig. 2D). The specific
humidity deficit and wind speed increase in-
duced by the smoke aerosols correlated well
with AOD (Fig. 2E). Such synchronous rein-
forcements in the two major meteorological
drivers of extreme wildfires are tightly coupled.

Huang et al., Science 379, 457-461 (2023)
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The Mediterranean climate and topography
in the US West Coast shape a marked merid-
ional humidity gradient in summer (fig. S6C),
so the enhanced easterly winds would fur-
ther dry out the air (28). Decreased humidity
combined with stronger wind greatly enhanced
the fire potential, especially over the Cascade
Mountains, where fires were the most intense,
and the LFP index increased by >100% (Fig. 2F).

With wildfire emissions scaled according to
their correlation with LFP, we conducted an-
other simulation by excluding the smoke-
induced perturbations in meteorology. As
illustrated in Fig. 2G, fire-weather feedback,
including both fire emission enhancement and
the aerosol-PBL interaction, substantially ag-
gravated the smoke pollution, with a PM, 5 in-
crement exceeding 300 pg/m? in the Oregon
Cascades. Such an aggravation of air pollution
substantially increased human smoke expo-
sure, especially in densely populated valley
cities. Our estimation shows that fire-weather
feedback increased the PM, 5 exposure by ~77%
in the US West Coast (40 ug/m?), 48% of which
was directly caused by emission enhancement

3 February 2023

Extreme-fire day

evolution of 2-m relative humidity (RH) and 10-m wind speed (WS,q) derived from
ERA5 reanalysis data around extreme fires (daily burned area >90th percentile)
in the US West Coast during 2002-2021. The day with the largest fire area is
indicated as a dashed line in the middle (day 0). (D and E) Two-week evolution of RH
and rainfall rate around extreme fires in Southeastern Asia. The US West Coast
and Southeastern Asia regions are outlined by red rectangles in (A).

and the other 29% by the aerosol-PBL inter-
action (fig. S7).

Likewise, monsoon-dominated Southeastern
Asia suffers from intense wildfires in spring
(23), which also features an obvious interan-
nual and synoptic-scale variability (figs. S8 and
S9). Comparatively, the fluctuation of wildfires
in Southeastern Asia is highly sensitive to
rainfall (Fig. 1E) (20, 29). The meteorological
evolution during the extreme wildfire events
demonstrates that the burned area is inversely
correlated with precipitation with a time period
of ~2 weeks (Fig. 3B). On a daily basis, the
burned area of wildfires in this region shows
a good correlation with the fire weather index
(FWT) (see the supplementary materials), and
the most important contributor to the fire risk
is rainfall rate (fig. S10).

Extreme wildfires hit Southeastern Asia in
the spring every few years (Fig. 3A). Here, we
mainly focused our modeling on the most dev-
astating fire, which engulfed the Indo-China
Peninsula in March 2004. On the basis of the
validated model simulations (figs. S11 and
S12), we found that the prevailing westerlies
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Fig. 2. Fire-weather feedback and aggravated smoke pollution in the US
West Coast. (A) Time series of satellite-observed daily burned area in the US
West Coast (red rectangle in Fig. 1A) in August and September of 2002-2021.
(B) Daily PM; 5, 2-m humidity (Q;), and WS;o observations in the Oregon
Cascades in August and September of 2020 [gray shading in (A)]. PM25 and
meteorological observational stations are marked by dots and triangle in (C).
(C) Simulated (contour) and observed (dots) PM, 5 concentrations during 10 to
13 September 2020 in the US West Coast. (D) Cross section of ARI-induced

transported fire-emitted pollutants at an alti-
tude of ~3 km, leading to a thick, BC-containing
plume covering almost all of Southeastern
Asia (23). The light-absorbing fire smoke aloft
trapped the radiative energy that would other-
wise have warmed the ground surface, causing
atmospheric heating and a surface dimming
(Fig. 3), which even reached up to +3.0°C and
-3.2°C, respectively, averaged over the 2-week
burning period (13 to 21 March 2004) (fig.
S11C). The opposite temperature responses in
the vertical dimension then formed a very stable
stratification in the lower troposphere. Mean-

Huang et al., Science 379, 457-461 (2023)

while, the pronounced cooling over the land
surface and warming over the sea substantially
narrowed the temperature difference between
land and sea, forcing a cyclonic circulation
anomaly along the coast (Fig. 3E and fig. S13).

The mechanism of the smoke-PBL-cloud-
monsoon interaction in this region has been
thoroughly discussed (23), and our simula-
tions suggest that such feedback could also
strongly influence precipitation and promote
more intense wildfires in Southeastern Asia.
As shown in Fig. 3E, the precipitation was
substantially diminished (~7 mm/day), which

3 February 2023

temperature, wind, and PM,5 changes (isolines in units of ug/m?) along the
dashed line in (C) based on model simulations. Red and blue isolines show
the increase and decrease due to ARl in PM, 5 concentrations, respectively.
(E) Scatter plot of simulated changes in near-surface wind speed and specific
humidity due to the radiative effect of aerosol with different AOD levels.

(F) Changes in LFP caused by the radiative effect of smoke aerosol. Gray dots
mark fire spots. (G) Population density (gray) and simulated near-surface
PM, 5 increase (red contour) due to fire-weather feedback.

could be attributed to weakened convection
and less moisture transport with anomalous
offshore winds. The adjusted circulation blocked
the water vapor supply from the South China
Sea, thereby leading to a moisture deficit and
much less rainfall in the fire-intensive region.
Compared with the aerosol-cloud interac-
tion, the radiative effects of smoke aerosol
dominated the precipitation suppression (fig.
S14). Subsequently, less rainfall was conducive
to fire ignition and expansion, further corrob-
orated by the exponential relationship be-
tween FWI and burned area (fig. S8). On the
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Fig. 3. Fire-weather feedback in Southeastern Asia. (A) Time series

of satellite-observed daily burned area of Southeastern Asian wildfires

(red rectangle in Fig. 1A) in March and April of 2002-2021. (B) Daily satellite-
detected burned area, precipitation observations from the TRMM multi-
satellite product, and corresponding simulations with and without aerosol
feedback in March 2004 in the fire-intensive region [black rectangle in

(B)]. (C) Simulated BC concentration and atmospheric heating (isolines in

basis of this relationship, we estimated the
enhanced smoke pollution resulting from the
reduction in precipitation. As shown in fig.
S15, PM, 5 concentration soared by 300 ug/m3
in the fire-prone areas. Such a spike in smoke
pollution caused by fire-weather feedback would
increase PM, 5 exposure by ~17% in Southeast-
ern Asia. Similar fire-weather feedback through
precipitation suppression also holds true in
other years with extreme wildfires (fig. S16).

These results provide a comprehensive dem-
onstration of unexpectedly strong feedback
between wildfire and weather in diverse coast-
al regions. Increasing wildfire severity is not
just a consequence of fire-prone weather, it
is also an active participant. In a Mediterra-
nean climate with dry and hot summers, such
as that in the US West Coast, increased aerosol
loading from wildfire suppresses the develop-
ment of the PBL and enhances orographic
winds, thereby increasing the large fire po-
tential at the western slope of the Cascade
Mountains through higher wind speed and
lower humidity. Conversely, in the fire-intensive

Huang et al., Science 379, 457-461 (2023)

satellite observations.

region of Southeastern Asia, which has a
monsoon climate, thick fire smoke tends to
cool the land surface but warm the atmosphere
over the sea. The opposite air temperature re-
sponses over the land and sea modify the
monsoon circulation and block the onshore
transport of moisture, thereby suppressing
rainfall. More flammable vegetation due to
the hydrologic drought intensifies the fire
activities and prolongs the burning period.
Moreover, in both regions, the aerosol-PBL
interaction exacerbates PM, 5 concentrations
near the surface by suppressing convection
and weakening diffusion. The strengthened
wildfire emission further enhances the haze
pollution and reinforces the positive feedback
loops, and thus human exposure to smoke
pollution could be greatly amplified (Fig. 4).
Although the feedbacks for the two different
climatic zones on the east and west coasts ap-
pear different, in essence, they can be well ex-
plained by a unified mechanism. Both are
driven by the radiative effects of fire smoke
over different land covers and terrains, which

3 February 2023

units of °C) at an altitude of 3 km over Southeastern Asia during the
burning period (13 to 21 March 2004). (D) Cross section of simulated BC
aerosol, air temperature (isolines in units of °C), and wind changes due

to the radiative effect of smoke aerosols between longitudes outlined in (E).
(E) Simulated changes in precipitation and wind due to the radiative effect
of aerosols overlaid by 850-hPa wind. Red dots mark the fire spots from

cause thermal contrast and thus enhanced fire
emission by modifying circulations and water
vapor transport.

Our findings emphasize the complexity of
fire-weather feedback in the Earth system and
the critical importance of improving our under-
standing of such mechanisms to prioritize fire
prevention and suppression efforts and thus
mitigate the impacts of extreme wildfires. The
results indicate a potential nonlinear benefit
from early fire suppression efforts. Given the
persistence and spread of wildfires and fire-
weather feedback, early-stage fire suppression
at preidentified amplifier regions based on
near-real-time forecasting could avert some
extreme wildfires. Moreover, strategic and early
fire management, e.g., more effort on fire sup-
pression in the forests upslope of populated
areas, could reduce the impacts of wildfire-
related air pollution and save lives (30). As
extreme wildfires become increasingly com-
mon, coordinated and effective management
of fire risks is vital. Meanwhile, growing super-
computing resources and innovative methods
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Fig. 4. Conceptual model of
the fire-weather feedback

in the Mediterranean

and monsoon climate
regimes. Gray arrows indicate
the linkage among wildfire,

air quality, and thermal circula-
tions. Red and blue arrows
show the increase and
decrease, respectively, of
each parameter. Q, specific
humidity; PBLH, planetary
boundary layer height.

_————

are making chemical-weather forecasts ever
more feasible. Our results thus suggest that
seamless meteorology-chemistry-coupled mod-
eling may be a practical approach for mitigat-
ing extreme and damaging fires in populated
coastal regions.
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