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Abstract wildfires have long been regarded as one chief culprit in regional air pollution, and pose great
impacts on climate change. Although climate forcing of wildfire smoke has been widely investigated, its
influence on synoptic systems remains unclear. Based on measurement and modeling analysis, the impact of
wildfire smoke on the development of a mid-latitude cyclone was revealed for Canadian wildfires in early June
of 2023. The radiative forcing induced by smoke at surface and in the atmosphere reached up to —150 and
100 W m™2, posing opposite tendencies of atmospheric stratification over the land and ocean. Such
perturbations contributed to the enhancement and stagnation of the cyclone, which favored the transport of
smoke from the fire-intensive region, indicated by nearly 40% increment of PM, 5 mass flux. With escalating
wildfire risk in the future, the inclusion of smoke aerosols' impacts on meteorology in weather forecast models is
of great importance.

Plain Language Summary Wildfires are uncontrolled fires that burn in the wildland vegetation,
posing great challenges to regional air quality and global climate. Wildfire smoke has been known to exert great
climate forcing via aerosol-radiation interaction yet its impact on synoptic scales needs further investigation.
Here, based on comprehensive observations and modeling analysis for the extreme Canadian wildfires in early
June of 2023, smoke aerosol is revealed to induce significant radiative forcing and yield opposite modifications
of temperature stratification over the land and ocean, resulting in intensified and stagnant mid-latitude cyclone.
Such perturbations favored the transport of smoke from fire-intensive region to downwind cities in Canada and
United States, and the subsequent long-range transport dominated by the cyclone.

1. Introduction

Wildfires have been identified to increase across numerous regions of the globe in the past decade (Descals
etal., 2022; Donovan et al., 2023; G. Liu et al., 2023; B. Zheng et al., 2023). Intensive wildfire activity with higher
frequency and longer durations are strongly associated with climate change such as increasing air temperature,
decreased precipitation and earlier spring snowmelt (Goss et al., 2020; Jolly et al., 2015; Westerling et al., 2006).
As a kind of biomass burning (BB), wildfire can become dangerous and even deadly due to its rapid spread under
favorable conditions, threatening human life and property security. Also, wildfire smoke contains many air
pollutants such as carbon monoxide (CO) and particulate matter, which are of great concern for public health
(Keywood et al., 2015; Reid et al., 2016). As has long been acknowledged, wildfires can “create their own
weather” (Coen et al., 2013). Specifically, the heat and moisture released by the fire can feed back into the at-
mosphere, creating intense meteorological modifications such as strong wind and pyro-cumulonimbus (Cun-
ningham & Reeder, 2009; Peterson et al., 2018). More importantly, large amount of smoke aerosols emitted from
wildfire combustion can pose prominent climate forcing through their interactions with physical and chemical
processes in the atmosphere (Carslaw et al., 2010).

Smoke aerosol generated from wildfires can perturb the atmospheric radiation budget and climate directly by
reflecting and absorbing the solar radiation, often referred as aerosol-radiation interaction. Climate response to
smoke aerosol had been evaluated previously. Wildfire aerosol emissions from the tropical region were reported
to increase the global mean annual aerosol optical depth (AOD) by 10% and decrease net all-sky surface radiation
by 1.3 W m~2. Carbonaceous aerosols such as black carbon (BC) in smoke plume displayed strong radiative and
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climate effects by warming the middle and lower atmosphere (Y. Liu et al., 2014). A combination of tropospheric
heating and surface cooling increased equatorial subsidence and weakened the Hadley circulation (Tosca
et al.,, 2013). Wildfire aerosols can also force the climate indirectly by modifying cloud microphysics and
reflectivity, namely aerosol-cloud interaction. Functioning as effective cloud condensation nuclei, wildfire
aerosols have been shown to increase the concentration of cloud droplets, cloud lifetime, as well as decrease the
cloud droplet size and thus delay the onset of the precipitation (Andreae et al., 2004; Kaufman & Fraser, 1997,
Kaufman et al., 2005; Koren et al., 2004). Moreover, low cloud coverage, which plays a key role in the Earth-
atmosphere energy balance, was found to be enhanced via its interaction with wildfire aerosols and monsoon
in Southeast Asia (K. Ding et al., 2021).

While the impact of wildfire aerosols on climate has been well recognized, much less is known about its impact on
meteorology at synoptic scales. Due to strong convection generated by fire activities, wildfire emissions could be
lifted and injected above the planetary boundary layer into the free troposphere and transported across long
distances by large-scale synoptic circulations (Hung et al., 2021; Shi et al., 2019; Sokolik et al., 2019). For
example, the troposphere-wide cyclonic system is responsible for the long-range transport of Australian wildfire
smoke and its entrance into stratosphere (Hirsch & Koren, 2021; Magaritz-Ronen & Raveh-Rubin, 2021). The dry
intrusions behind mid-latitude cyclones can also result in downward transport of wildfire plume into the marine
boundary layer (G. Zheng et al., 2020). While transported, wildfire aerosols tend to perturb the meteorology
through its interaction with radiation and clouds. The inclusion of radiative effects of wildfire aerosols led to
significant modifications of vertical profiles of temperature and moisture in cloud-free areas (G. Grell et al., 2011;
Hodzic et al., 2007). Moreover, wildfire aerosols were reported to modify meteorology including air temperature,
surface wind speed, air dryness, atmospheric stability and in turn promote the fire intensity as well as fire
emissions, triggering positive fire-aerosol-weather feedback (A. Ding et al., 2013; Huang et al., 2020, 2023;
Kochanski et al., 2019). Therefore, synoptic systems are not only responsible for the transport of smoke, but may
also be affected by wildfire aerosols via radiative effect. However, the influence of the wildfire aerosols on mid-
latitude synoptic systems such as extratropical cyclone and front remains unclear.

Under unusually warm and dry conditions, extreme fire seasons occurred over North America in summer of 2023.
Accompanied by a strong mid-latitude cyclone, Quebec wildfires exerted a strong negative impact on air quality
of eastern United States (US), and served as a good opportunity to investigate the influence of wildfire aerosols on
the mid-latitude cyclone development and subsequent transport of smoke to downwind cities. In the following
section, observational data sets and numerical modeling applied in this study are described. Next, the impact of
smoke aerosol-radiation interaction on meteorology and the cyclone system is comprehensively analyzed, along
with cyclone-dominated transport of wildfire smoke to downwind areas. Concluding remarks and discussions will
be presented in Section 4.

2. Materials and Methods
2.1. Wildfire Inventory and Observational Data Sets

The information of Canadian wildfires is revealed by Fire Inventory from NCAR (FINN), which provides daily,
1 km resolution, global estimates of trace gas and particle emissions from open burning of biomass along with fire
size and location based on satellite observations of active fires and land cover (Wiedinmyer et al., 2023). Fire
detections from both MODIS and VIIRS satellite instruments are incorporated. Spatial and temporal variations of
the wildfire smoke were illustrated by aerosol optical properties such as AOD provided by MODIS Aerosol
Product MODO04_L2 and by ground-based automated radiometers from the Aerosol Robotic Network (AERO-
NET). The Level 2 aerosol profile from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO version 4.51) were used to demonstrate vertical distribution and transport of wildfire aerosols. Daily
average PM, 5 concentration recorded by the Air Quality System of United States Environmental Protection
Agency (US-EPA) was adopted to characterize the air pollution episode caused by wildfires. Integrated Surface
Data Set composed of key meteorological parameters such as air temperature, relative humidity and wind
archived at the National Climatic Data Center and atmospheric sounding observations collected by University of
Wyoming were incorporated to perform weather analysis as well as model evaluation.
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2.2. Numerical Experiments and Model Configuration

To shed more light on the impact of wildfire aerosols, numerical experiments are conducted using WRF-Chem
version 3.7.1 in this study, which simulates trace gases and particulates interactively with the meteorological
fields (G. A. Grell et al., 2005). The model has been widely applied to investigate the regional impacts of aerosols
on meteorology (Huang et al., 2016; Z. Wang et al., 2019). Additional details of the model configuration
including domain settings and selection of physical and chemical parameterization are elaborated in Text S1 of
Supporting Information S1. Three parallel experiments EXP_FB, EXP_noFB and EXP_FB_noBB were per-
formed to reveal the impact of wildfire aerosols on the mid-latitude cyclone system (Table S1 in Supporting
Information S1). All experiments were conducted with identical domain setting and parameterizations summa-
rized in Table S2 of Supporting Information S1. With wildfire emissions included, the EXP_FB considers
aerosol-radiation interaction while EXP_noFB does not. In addition, wildfire emissions are excluded in
EXP_FB_noBB to distinguish the influence of BB and anthropogenic emissions. The simulated meteorology and
chemical fields were carefully evaluated and showed good agreements with ground-based and atmospheric
sounding observations (Figures S3-S5 in Supporting Information S1). Moreover, optical properties of the
wildfire aerosols including absorption and scattering parameters were evaluated with MODIS and CALIPSO
observations as well (Figures S6-S8 in Supporting Information S1). Notably, sensitivity tests by doubling the fire
emission intensity (Koplitz et al., 2018; Urbanski, 2014) showed better correspondence with multi-sourced ob-
servations (Figure S9 in Supporting Information S1) and was used for further analysis. With the intension to
identify the transport pathways of wildfire smoke under the influence of wildfire aerosols, the Lagrangian particle
dispersion model (LPDM) was operated using Hybrid Single-Particle Lagrangian Integrated Trajectory model
(Stein et al., 2015). Meteorological fields from EXP_FB and EXP_noFB were adopted to drive LPDM to acquire
48-hr backward footprint of air masses arriving major cities in eastern United States including New York (40.7°N,
74.0°W), Albany (42.1°N, 73.8°W) and Trenton (40.2°N, 74.8°W).

3. Results
3.1. Air Pollution Caused by Record-Breaking Wildfires in Eastern North America

Canada suffers from record-breaking wildfires in summer of 2023 (CAMS, 2023). The fire season started early
this year and burned over 156,000 km?, which is 5 time more than its average, emitting 1.3 Pg CO, and 0.14 Pg
CO, equivalent of other greenhouse gases (Z. Wang et al., 2023). The devastating wildfires were fueled by record
high temperatures and widespread drought conditions across the country. Such extreme wildfires have been
associated with climate change, namely warmer and drier weather contributing to the increase of flammability
(Goss et al., 2020; Westerling et al., 2006). Among all the fires in eastern North America, wildfires burning in
Quebec from 3 to 8 June has aroused the most attention since its smoke has filled skies with heavy haze for days
over eastern United States, and caused an unprecedent air pollution episode in downwind cities such as New York
(Figure S1 in Supporting Information S1, Figure 1c).

As shown in Figures 1a and 1b, more than 200 fires were ignited since 1 June in Quebec, and rapidly burnt out an
area of 400 km? in the boreal forest. Due to the intensive combustion, massive trace gases such as CO and
carbonaceous aerosols were released into the atmosphere. The average CO emissions during the burning period
reached 8.4 x 10* Ton per day, which is far beyond its anthropogenic counterpart. Satellite derived AOD also
exceed 2 at 550 nm, indicating high loadings of radiatively-active aerosols and thus a heavily polluted condition
(Figure S1 in Supporting Information S1). After about 24-hr transport, the wildfire plume affected several states
in the northeast of United States. Surface observed daily average PM, 5 in major cities of US peaked on 7 June and
exceeded 120 pg m™, which is 8 times higher than the guideline set by World Health Organization. A surge of
ground-based AOD observations reached 2.5, larger than observations made during an intensive fire season in
Europe (Hodzic et al., 2007). All suggested a severe air pollution episode related to the wildfire combustion.

It is worth noting that a persistent mid-latitude cyclone was responsible for the transport of the Quebec wildfire
smoke to downwind cities (G. Zheng et al., 2020). During the pollution episode, a strong low-pressure center
located to the northeast of United States (Figure S2 in Supporting Information S1). Such an extratropical cyclone
with relatively cold air is a deep system stretching from the surface to 500 hPa. The northerly winds at the rear of
the cyclone served as a bridge to bring plenty of wildfire smoke from fire-intensive region to downwind areas in
eastern United States, worsening the air quality of the cities there. From 6 to 7 June, the low-pressure system
deepened, as suggested by the lower sea level pressure as well as denser iso-geopotential lines at upper-level
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Figure 1. Canadian wildfires from 5 to 8 June 2023 and its impact on the air quality of downwind cities. (a) Detected fire spots during the burning period together with
topography over eastern US and Canada. Blue dots and red star marked the location of air quality monitoring stations and the AERONET station at New York (CCNY),
respectively. (b) Time series of burnt area and CO emissions from FINN within the fire-ravaged region, indicated by the blue rectangle in (a). (¢) Time series of 24-hr
average PM, 5 concentration and aerosol optical depth at 440 nm measured at downwind AERONET stations.

atmosphere. Moreover, instead of moving eastward along with westerly jet, the low-pressure system remained
stagnant. Both conditions were unfavorable for the dispersion and elimination of the smoke plume. Therefore, the
cities were shrouded with heavy and long-lasting wildfire smoke (Figure 1c). Given the significant radiative effect
of smoke aerosol, its impact on the mid-latitude cyclone needs further investigation.

3.2. The Impact of Smoke Aerosol-Radiation Interaction on the Cyclone System

To reveal the influence of the wildfire aerosols on the development of the mid-latitude cyclone system, numerical
simulations were conducted using WRF-Chem. Thorough evaluation of modeling results demonstrated that the
model could generally reproduce the evolvement of synoptic processes as well as wildfire smoke during this
episode except for EXP_FB_noBB (Figures S3—S8 in Supporting Information S1). The surface PM, 5 concen-
tration were largely underestimated in EXP_FB_noBB with no peak values, indicating the major contribution of
wildfire emissions to the air quality degradation. The simulated column PM, 5 concentration resembled satellite
derived AOD and was greatly shaped by the mid-latitude cyclone, which transported the smoke from fire-
intensive region to eastern US as well as the Atlantic Ocean (Figure 2a).

Aerosols from wildfires consist of a wide variety of absorptive and scattering particles, mostly in the form of
organic and BC. These aerosols are found to greatly perturb the radiation transfer (Figure 2b). To be specific,
the radiative forcing was about —150 W m™? at the ground surface and 100 W m™2 in the atmosphere, with a
net energy loss at the top of the atmosphere. Such radiative forcings were also identified during other wildfire
events based on observations or simulations (Gorchakov et al., 2014; Péré et al., 2014). However, air tem-
perature showed different responses over the land and ocean. The smoke shading effect led to daytime surface
cooling by 1°C while the absorbing aerosols such as BC tended to heat the upper atmosphere and caused
atmospheric warming by about 0.5°C at 700 hPa (Figures 2c and 2d). Such modifications of the atmospheric
stratification were also reported by a numerical study conducted by Kochanski et al. (2019) using a coupled
fire-atmosphere model, and were also reflected by the atmospheric sounding profile well captured in EXP_FB
experiment only (Figure S3 in Supporting Information S1). As for the ocean, near-surface cooling was
negligible while the atmospheric warming prevailed. Such disparities could be attributed to the different
thermodynamic properties of the land and ocean (Q. Ding et al., 2019; Z. Wang et al., 2020). Due to greater
heat capacity, the ocean is less sensitive to the reduction of incident solar radiation reaching its surface, further
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Figure 2. Meteorological perturbations induced by smoke aerosol-radiation interaction during 12:00-16:00 LT on 7 June. (a) Simulated PM, 5 column concentration and
wind field at 850 hPa. (b) Radiative forcing of smoke aerosols at the surface (shading) and in the atmosphere (contour line). Air temperature and wind field perturbations
caused by smoke aerosols at 850 and 700 hPa are shown in (c) and (d). Red line in (c) marks the cross-section shown in Figure 3b.

verified by little response of surface sensible and latent heat flux over the ocean in contrast to land, which
served as the predominant heating source of near-surface atmosphere (Figure S10 in Supporting Informa-
tion S1). Therefore, the surface cooling is absent while atmospheric warming caused by absorbing aerosols
dominated the modifications in stability over the ocean.

Such changes of the atmospheric stratification forced a counter-clockwise circulation of wind anomaly, sug-
gesting an enhancement of the mid-latitude cyclone (Figures 2¢ and 2d). The upper-level warming and lower-
level cooling over the land contributed to a more stable stratification and downward motions of the air masses
at the rear of the cyclone (J. Wang et al., 2023; Z. Wang et al., 2018), indicated by a varation of —4 x 10> m s~ in
vertical velocity. On the contrary, the entire warming over the ocean resulted in an unstable atmosphere with
upward air motions at the front of the cyclone with 6 x 10~ m s~' velocity anomaly in vertical direction.
Therefore, the upper-level trough was intensified by the convergence (divergence) at the front (rear) of itself,
which regulated the development of the cyclone. Similar effect has also been reported during a super dust storm in
eastern Asia (Chen et al., 2023). The larger temperature gradient at 850 hPa caused by smoke aerosols may also
contribute to the deepening via cold advection. The intensification was further confirmed by the reduction of sea
level pressure and the geopotential height (Figures 3a and 3b). At 500 hPa, the geopotential height at the center of
the cyclone in EXP_FB appears lower than that in EXP_noFB, with the average geopotential height being 5,412
and 5,421 gpm, respectively (Figure 3c). The relative vorticity, which represent the spin and rotation of the air
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Figure 3. The impact of smoke aerosol-radiation interaction on the mid-latitude cyclone during 12:00-16:00 LT on 7 June. (a) Perturbations in sea level pressure and
surface wind. (b) Changes in geopotential height along the cross-section through the cyclone system. The location of the cross-section is marked in Figure 2¢ with black
dashed line. Vertical distribution of smoke aerosols (units: pg m™) are displayed in red contour lines. Probability distribution histogram of geopotential height at the
center of the cyclone (c) and relative vorticity of the cyclone (d) at 500 hPa in different scenarios.

masses, are also derived from the wind fields. As shown in Figure 3d, the smoke aerosol-radiation interaction
tends to increase the relative vorticity, suggesting the enhancement of the cyclone system as well.

3.3. Enhanced Transport of Wildfire Smoke to Downwind Cities

The smoke-aerosol radiation interaction affect not only the intensity but also the stagnation of the mid-latitude
cyclone. Here, the location of the cyclone was estimated as the position of the lowest pressure at 500 hPa and
marked on the map with its corresponding time (Figure 4a). Compared to the moving trail of the cyclone center in
EXP_noFB, the location of cyclone falls to the west in EXP_FB, especially from 12:00 LT on 7 June to the
morning of 8 June when the wildfire smoke was the most widespread. The translation speed of the mid-latitude
cyclone is 7.9 km hrfl, slower than 9.2 km hr™!
making it more favorable for the transport of wildfire smoke from fire-intensive region. The 48-hr backward
footprint calculated using LPDM driven by meteorological fields from EXP_FB and EXP_noFB provided more
evidence (Figure 4b). The air masses arriving at New York were more likely to originate from the fire-intensive

which is not affected by smoke aerosol-radiation interaction,

region when considering the impact of smoke aerosol-radiation interaction on the cyclone development on 7 June.
Other cities in eastern US such as Albany and Trenton have analogous results which are not shown here.
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Figure 4. The stagnation of the mid-latitude cyclone greatly affected the transport of wildfire smoke during 10:00-24:00 LT on 7 June. (a) Estimated location of the
cyclone center during the pollution episode. The scope and location of this domain is indicated by the rectangle in (b). (b) The difference of 48-hr backward footprint
between EXP_FB and EXP_noFB initiated from New York. Green dots represent detected fire spots during the burning period. (c) Vertical profile of the PM, s mass
flux in New York in EXP_FB and EXP_noFB simulations. (d) Diagnosed contribution of advection process to the total surface PM, 5 concentration on 7 June in three

cities in different simulations.

Therefore, the intensified mid-latitude cyclone tends to be more stagnant under the influence of smoke aerosol-
radiation interaction and thus exacerbated the air pollution in downwind cities of eastern United States.

Compared with the synoptic background environment of a mid-latitude cyclone system, smoke aerosol may not
be a strong external forcing. However, due to smoke aerosol-radiation interaction, modifications of the intensity
and stagnation of the cyclone do make a difference on the transport of the wildfire smoke to the downwind areas.
To reveal its influence on the transport, mass flux of smoke aerosol, represented by PM, s concentration
multiplied by wind speed, was investigated. The vertical profile of the mass flux showed great differences below
2 km (Figure 4c). Specifically, the aerosol mass flux increased by 38% within the boundary layer. As shown in
Figure 4d, the diagnostic analysis of the PM, s at three cities all emphasized the importance of advection pro-
cesses, which is also enhanced by 26% under the influence of smoke aerosol-radiation interaction.
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4. Conclusions and Discussions

North America suffers from intensive wildfires in the summer of 2023, exerting great impacts on regional air
quality. Although climate forcing of wildfire smoke has been widely acknowledged, its impact on synoptic
systems remains unclear. In early June of 2023, Canadian wildfires accompanied by a mid-latitude cyclone
system significantly degraded the air quality in downwind cities of Canada and United States. Based on
comprehensive analysis of multiple observational data sets and meteorology-chemistry coupled numerical
simulations, the impact of smoke aerosol-radiation interaction on the cyclone development was investigated in-
depth. The direct radiative effect of smoke aerosols in all posed radiative forcing of —150 and 100 W m™2 at
ground surface and in the atmosphere, respectively, yet exerted opposite tendencies of atmospheric stratification
over the land and ocean. Such perturbations contributed to the enhancement of upper-level trough and hence the
cyclone, indicated by the increase of geopotential height and the relative vorticity around the center of the
cyclone. Moreover, the location of the cyclone was also affected, facilitating the transport of wildfire smoke from
the fire -intensive region to downwind cities, suggested by nearly 40% increment of PM, s mass flux.

Moreover, the intensification of mid-latitude cyclone can also amplify the long-range transport of aerosols via
frontal systems especially warm conveyor belts, which could lift air pollutants from boundary layer into the free
troposphere (A. Ding et al., 2009). Since the cyclone system was often accompanied by abundant clouds, to
qualitatively understand the relative contribution of aerosol-radiation interaction and aerosol-cloud interaction,
multiple sensitivity experiments have been conducted. Compared with aerosol-radiation interaction discussed
above, the impact of smoke aerosols on cloud microphysics such as cloud droplet number concentration and cloud
water mixing ratio are limited, probably due to little overlay of the smoke and clouds under such synoptic
conditions (Figure S12 in Supporting Information S1). The absorption of smoke aerosol was overestimated by
about 25% due to internal mixing assumption made in the model while the aerosol vertical distribution applied
may vary 10%—-30% resulted from the weakened satellite retrieved signal at lower atmosphere (Young et al., 2013;
Zeng et al., 2024). More efforts are still in need for observation and model development for wildfire aerosols at
finer spatiotemporal resolution. Considering the escalating risk of wildfires in many regions of the globe under the
changing climate, it is of great importance to take synoptic-scale radiative effect of smoke aerosol into account.
Furthermore, the inclusion of such aerosols' effect in both weather and air quality forecasting models may help
improve the predictability of weather and environmental extreme events.

Data Availability Statement

The daily global fire emissions used in this study are derived from FINN v2.5 (Wiedinmyer & Emmons, 2022).
The global hourly surface meteorological data are available at National Centers for Environmental Informa-
tion (2023) and the radiosonde observations are archived at Department of Atmospheric Science, University of
Wyoming (Department of Atmospheric Science, 2015). The AOD measurements come from AERONET stations
(Giles et al., 2019) and the MODIS with a spatial resolution of 10 km (Levy & Hsu, 2015). The Level 2 cloud and
aerosol profile from CALIPSO can be ordered at Atmospheric Science Data Center (NASA/LARC/SD/
ASDC, 2018). The daily surface PM, 5 concentration was observed and provided by US-EPA (U.S. Environ-
mental Protection Agency, 2023). Model simulation data used in this study are available upon request.
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