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Abstract. Pyrocumulonimbus (pyroCb) events provide an efficient pathway for wildfire smoke and combustion products to
enter the Upper Troposphere and Lower Stratosphere (UTLS), where they are transported far from their source regions and
perturb atmospheric composition, radiation, and dynamics. Although there are individual case studies, their cumulative
transport behaviour over decadal time scales remains insufficiently characterized. Here, we investigate the short-, mid-, and
long-range transport pathways, seasonal and regional variability, vertical structure, and residence characteristics of smoke
from all observed North American pyroCbs during 2013-2023 using the Langley Trajectory Model, evaluated against
satellite observations. Results show that smoke transport is influenced by source region, season, injection layer, and the
evolving synoptic-scale circulation. Summer accounts for the majority of events, while Canadian pyroCbs occur more
frequently than pyroCbs in the United States and dominate much of the UTLS and long-range trans-Atlantic transport.
Canadian smoke is often transported along midlatitude pathways toward Europe, whereas U.S. pyroCbs more strongly
contribute to lower-latitude short- and mid-range transport and to tropical transport pathways. Short- and mid-range
tropospheric transport reveals persistent free- and upper-tropospheric downstream convergence regions, indicating areas
where smoke may repeatedly influence clouds, radiation, and weather-relevant conditions. In contrast, UTLS and
stratospheric transport pathways exhibit faster and longer-range transport, including recurrent midlatitude, tropical, and
potential cross-hemispheric pathways. This study provides a decadal transport framework for interpreting how smoke
injected by North American pyroCbs is subsequently redistributed. The results help connect pyroCb smoke with observed

smoke signatures and atmospheric impacts, while also supporting future model evaluation and mission planning.
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1 Introduction

Intense wildfires in recent years have produced fire-driven deep convection ranging from pyrocumulus (pyroCu) to
pyrocumulonimbus (pyroCb), impacting the full depth of the atmosphere from the boundary layer to the stratosphere
(Fromm et al., 2022, Peterson et al., 2025a). Extreme wildfire events, such as the 2023 Canadian fires (Khaykin et al., 2025,
Jain et al.,, 2024), are happening at higher frequency due to multiple factors including increased large scale climate
modulation, changes in vegetations, heat waves, global warming, and also closely linked to the threefold increase in Arctic
warming and land—sea thermal contrast (Li et al., 2025). Smoke plumes injected to high altitudes by wildfires are a critical
hazard in several regions worldwide, especially in North America. Their accumulated radiative impacts match medium-size
volcanic scale plumes. For example, the smoke aerosol mass injected into the stratosphere by pyroCb activity during the
Pacific Northwest Event (PNE) on 12 August 2017, was comparable to a moderate volcanic eruption (Peterson et al., 2018).
The study of stratospheric smoke injection from wildfires is relatively new, compared to a long history of volcanic study,
starting in the late 1990s and early 2000s (Fromm et al 2005).

Extreme wildfires do not only impact the boundary layer but create pyroCb which can modify stratospheric composition
(e.g., UTLS, stratosphere where they can persist longer, weeks to months) and have chemical-radiative-dynamical impacts
(Fromm et al., 2010, Das et al., 2021, Katich et al., 2023, Bernath et al., 2022, Solomon et al., 2022). The long residence
time of pyroCb smoke makes it possible to have global and cross-hemispheric transport and persistent radiative-dynamical
impacts. Although extreme singular events such as the 2017 PNE are less frequent, a succession of smaller-scale pyroCbs
within a single season can cumulatively inject an aerosol mass comparable to that of mega-events like the 2019/2020
Australian Black Summer (Peterson et al., 2021; Katich et al., 2023). However, unlike the Australian event which involved
subsequent self-lofting of smoke deep into the mid-stratosphere (Khaykin et al., 2020, Kablick et al., 2020), smoke injected
by these smaller-scale clusters typically resides within the upper troposphere and lowermost stratosphere, limiting the
longevity of the plume (Khaykin et al., 2025; Zhang et al., 2024).

The transport of pyroCb smoke from the injection region into the Upper Troposphere and Lower Stratosphere (UTLS) is
governed by the interplay between mesoscale dynamics and large-scale atmospheric circulation (Fromm et al., 2010;
Peterson et al., 2018). Following the initial convective injection, smoke plumes are rapidly advected zonally by the
subtropical and polar jet streams, typically traversing intercontinental distances within days (Khaykin et al., 2018). While the
primary injection is driven by the fire-induced convection itself, secondary transport into the stratosphere can occur through
synoptic-scale mixing processes, such as tropopause folding and warm conveyor belts, particularly within jet-front systems
(Khaykin et al., 2025). Once established in the stratosphere, the residence time and global distribution of the aerosol burden
are controlled by the slower Brewer—Dobson circulation and isentropic wave-mixing, processes which redistribute the smoke
meridionally over timescales of weeks to months (Butchart, 2014; Kloss et al., 2019). In the immediate aftermath of an
event, the plume structure is highly sensitive to the local synoptic environment; for instance, the spread of smoke from the

Chuckegg Creek fire (Alberta, Canada, near 58.1°N and 117.1°W, on June 17th, 2019, at 20:00 UTC) was shaped by the
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interaction between a blocking high-pressure ridge and a downstream cyclonic system, organizing the aerosol into distinct
layers aligned with the upper-level flow (Osborne et al. 2022). Over a longer period of time, transport can involve cross-
latitude pathways that connect midlatitude injection regions to the subtropics and tropics, for example, the 2017 PNE event
shows that part of the plume was transported through the interaction with the Asian monsoon circulation (Kloss et al 2019).
These pathways matter because they determine which regions experience persistent aerosol anomalies in the stratosphere,
UTLS, even troposphere, and where the radiative, chemical effects may accumulate.

PyroCb smoke has emerged as a significant and newly recognized source of stratospheric aerosols with important
consequences for ozone chemistry. Stratospheric smoke particles facilitate heterogeneous reactions that can perturb reactive
nitrogen and halogen cycles, ultimately leading to reductions in stratospheric ozone, particularly when the smoke persists for
extended periods (Solomon et al., 2022). Recent observations reveal that major pyroCb events have contributed to
measurable ozone losses over the midlatitudes, with studies documenting that intense smoke injections, such as those
following the 2019-2020 Australian fires, resulted in substantial stratospheric ozone depletion and may delay ozone
recovery (Bernath et al., 2022; Solomon et al., 2022). These findings underscore the need for continued study of pyroCb
smoke impacts on the stratospheric ozone layer using in situ measurements, satellite observations, and atmospheric
modelling.

In addition, pyroCb smoke-driven heating can alter local temperature and wind fields that can give feedback on the local
circulation and can modify the subsequent transport (e.g., Yu et al., 2019; Allen et al., 2020). These coupled chemical-
dynamical pathways can influence the UTLS environment far downstream of the source region (Peterson et al., 2018). In
some extreme cases, radiative heating (leads to self-lofting of the smoke) can couple with dynamics creating smoke-charged
vortices (coherent structures, Smoke with Induced Rotation and Lofting (SWIRL) ) that can persist weeks to months,
especially in the stratosphere, travel long distances resisting any descent (Allen et al., 2020; Khaykin et al., 2020). These
processes link the transport, vertical evolution, aerosol absorption, and how it can affect vertical transport as well as
horizontal transport (Katich et al., 2023; Solomon et al., 2022).

While significant focus has been placed on large pyroCb events (e.g., PNE 2017), key gaps remain related to transport
focused questions from a climatological point of view, which accounts all small and large pyroCbs. Since individual smaller
events are difficult to quantify with their impacts or transport pathways, looking at them as a group to estimate their overall
influences gets more meaningful and interpretable. What is needed are transport pathways that (i) treat pyroCb smoke a
population of events with strong variability, (ii) quantify their typical pathways, seasonality, regionality, vertical structure,
residence time, (iii) connect the Lagrangian findings with what exactly satellite observes in terms of aerosol (e.g., OMPS-AI)
and trace gas signals (e.g., MLS-CO). This study addresses these needs focusing on the North American pyroCb smoke from
complementary point of view. We use a Lagrangian trajectory framework to map likely pathways and quantify how plume
influence evolves in space and time, emphasizing both immediate downstream transport relevant for short-range impacts and
the longer-range dispersal relevant for tropospheric, UTLS, and stratospheric residence. To build confidence and physical

interpretation, we evaluate the transport pattern against multiple independent satellite proxies that capture different parts of
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the smoke systems (e.g., MLS-CO, OMPS-AI, CALIOP/CALIPSO backscatter, and depolarization vertical profiles). A
major goal of the current studies is not only providing the qualitative tracking of the transport statistics but also providing a
semi-quantitative picture of the transport statistics (e.g., using probability-density representation), across seasons, regions;
and interpret the plume pathways and patterns from various contexts (e.g., dynamical pathways). By combining the transport
statistics and the resulting database, are designed to answer the many questions, like which synoptic regions are favor short-,
mid-, long-, range transport, where the tropospheric, UTLS, stratospheric persists mostly, how these major transport insights
are can be utilized for forecasting, operational and mission planning, climate models, infer probable downstream effects to

chemical, micro-physical, and radiative impacts.

2. PyroCb inventory and statistical analysis

A newly published global inventory of pyroCb events (Peterson et al., 2025a) provides all pyroCb information use in this
study. This inventory compiles occurrences of pyroCbs globally, examining their frequency and variability from 2013 to
2023. Among the 761 worldwide pyroCb events that injected smoke between altitudes of 8 and 18 km, 55% occurred within
1 km of the tropopause or higher, with 69 events (9%) injecting smoke directly into the stratosphere. The 2023 season
experienced a record-breaking total of 169 pyroCb events globally, 142 of which occurred in Canada. For our current study,
we focused on 545 pyroCbs over North America (excluding 18 Alaskan pyroCbs), which represent 71.6% of the total
worldwide pyroCb events.

Figure 1 illustrates hovmoller-style diagrams and map that depict the interannual variability, seasonality, and regional
distribution of the 545 North American pyroCb events. The time axis is collapsed to a single reference year to highlight
seasonal frequency. In the top half of Fig. 1, the regional dependency of pyroCb occurrence is depicted, with each vertical
bar representing a single pyroCb event, color-coded by latitude relative to the US-Canada border (49°N) to facilitate
visualization of pyroCbs in Canada and the USA. The bottom half of Fig. 1 presents the pyroCbs color-coded by their
maximum injection altitude relative to the local tropopause. While more pyroCbs occur during the spring in Canada (71
events, or 13% of total occurrences), the fall season coincides with more pyroCb activity in the USA (41 events, or 7.5% of
total occurrences). During summer, pyroCb events are widespread across North America, with a total of 433 events (74.4%
of total occurrences) affecting both regions; however, Canada experiences a significantly higher number (357) compared to
the USA (187) (see Fig. 1 and further details in the Results section).

Figure 1 and Fig. S1 reveal intriguing insights regarding the maximum injection altitude of pyroCbs, particularly in terms of
variability with latitude, showcasing distinct patterns between Canadian and USA pyroCbs. Most Canadian pyroCbs exhibit
maximum injection altitudes within the upper troposphere and lower stratosphere (UTLS) regions, with mean maximum
injection heights closely aligned with the mean tropopause height, predominantly just below the tropopause. In contrast, the
USA pyroCbs generally exhibit a greater average maximum injection altitude, with the difference increasing to the south.

Overall, while the mean injection altitude of USA pyroCbs is slightly higher than that of Canadian pyroCbs, this trend
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indicates an increase in mean injection height from the northern Canadian regions to the southern USA. This pattern may be

influenced by various factors, including the lower tropopause heights at higher latitudes in Canada, which likely act as a

130  barrier to pyroCb development, limiting vertical penetration into higher altitudes. Despite the overall higher mean injected
altitude of USA pyroCbs, a significant portion remains well below the tropopause.
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Figure 1. Hovmoller-style diagrams illustrating the interannual variability, seasonality, and regional distribution of 545 North
American pyroCb events. The time axis is collapsed to a single reference year to highlight seasonal frequency. (Top panel) Each
135 vertical bar represents a single pyroCbh event, colored by its latitude relative to the US-Canada border (49°N). (Bottom panel)
Events are colored by their maximum injection altitude relative to the local tropopause. Vertical dotted lines denote the start of
meteorological seasons (MAM for spring, JJA for summer, SON for fall). Across all panels, open black circles indicate
stratospheric breaches (events where injection altitude met or exceeded the tropopause). The inset map displays the spatial
distribution of these occurrences, colored by relative injection altitude to match the lower panel.
140 3. Langley Trajectory Model (LaTM)

The NASA Langley Trajectory Model (LaTM) is a kinematic, wind-driven Lagrangian framework that computes 3-D
forward and backward trajectories of air parcels from specified latitude, longitude, altitude, and time using gridded

meteorological analyses as dynamical forcing. LaTM has supported boundary-layer through stratospheric transport studies
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since the early 1990s, including foundational work on filamentation and chaotic advection near the polar vortex edge (Pierce
and Fairlie, 1993). LaTM integrates parcel positions with a fourth-order Runge—Kutta scheme and interpolates 3-D winds
and thermodynamic fields to each parcel location. Along with latitude, longitude, altitude, and parcel age, we also analyzed
additional LaTM-derived dynamical variables—particularly potential temperature (8) and potential vorticity (PV)—to
diagnose smoke-plume transport pathways and layer transitions.

Over the past decades, LaTM has been applied across a wide range of transport problems and evaluated through comparisons
with independent observations and field-campaign measurements (Vernier et al., 2018; Vernier et al., 2022; Pandit et al.,
2024). Beyond stratospheric dynamics and mixing-barrier studies, it has been used to interpret UTLS tracer structure
observed during aircraft campaigns, and in air-quality/source—receptor contexts via “Lagrangian sampling” to attribute
regional transport contributions to surface pollution and to support accountability/forecast applications. A distinctive
capability of LaTM is its integration with spaceborne remote sensing to reconstruct 3-D plume evolution via “trajectory
mapping,” which has been demonstrated for volcanic aerosol/ash applications and evaluated against CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization) observations (e.g., Vernier et al., 2013), including UTLS volcanic plume
dispersion and interactions with large-scale circulation such as the Asian summer monsoon (e.g., Fairlie et al., 2014).

LaTM has also been applied to biomass-burning problems, including smoke-layer interpretation and plume injection-height
characterization using CALIOP and MODIS (e.g., Soja et al., 2012), and more broadly to connect fire-impacted air masses
with downwind tracer anomalies. We have similarly used LaTM for pyroCb transport studies (Choi et al., 2020), including
event-focused forecasting and mission-planning support. Together, these precedents motivate our use of LaTM here as the
central dynamical tool for diagnosing probabilistic pyroCb smoke transport pathways across the troposphere-UTLS-
stratosphere, while evaluating smoke presence and tracer behaviour using independent satellite observations (CALIOP,
OMPS UVALI and MLS, brief descriptions of these datasets are provided below).

CALIOP onboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite is a
spaceborne lidar that provides along-track vertical curtain profiles of aerosol/cloud structure, including attenuated
backscatter and depolarization information. We used CALIOP Level-1B Standard profiles (CAL LID L1-Standard-V4-51,
Winker et al., 2009) to document plume altitude and vertical layering for selected overpasses within the event window.
Suomi-NPP OMPS Nadir Mapper (OMPS-NM) is a nadir-viewing UV spectrometer; its UV Aerosol Index (UVAI) is a
standard diagnostic for UV-absorbing aerosols such as smoke. We processed the OMPS L2 NM Aerosol Index product
(NMMIEAI-L2, V2; Torres, 2019) over the event day and following 7 days to evaluate aerosol presence and horizontal
dispersion in a manner consistent with our transport diagnostics.

Aura MLS (Microwave Limb Sounder) is a limb-sounding microwave radiometer that provides vertically resolved trace-gas
information and gridded Level-3 fields. We used the MLS Level-3 Daily Binned Carbon Monoxide product (ML3DBCO,
V005; Schwartz, 2021) for each pyroCb event day and the subsequent 7 days, using the same regional/time-window
sampling applied throughout the study.
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To initialize LaTM, we used the pyroCb source latitude/longitude, event time, and estimated maximum injection altitude
from our North American PyroCb database (545 events, 2013—2023). For each event, trajectories were released as a single
vertical column at the source location and initialized from the maximum injection altitude down to 5 km below it, using 100
m vertical spacing (i.., Z € [Zmax/0—5 KM, Zmayi] in 0.1 km increments). Thus, the absolute altitude range varies by event
and is not fixed in ASL; the 5 km depth is defined relative to each event’s zmai/0}. Beginning trajectories within a 5 km
vertical layer allows for the deep "chimney" configuration of a pyroCb injection, ensuring that the model accurately
represents the entire mass of the smoke plume as it disperses under different wind speeds and directions at various altitudes.
Future work may further refine the trajectory-release configuration for targeted sensitivity analyses. To represent sustained
injection in a consistent manner across events, releases were distributed over a 2 h window starting at the event time.
Forward trajectories were integrated for 7 days, and trajectory output (e.g., latitude, longitude, altitude, age, PV, and 0) was
saved at hourly intervals.

Meteorological context and trajectory modelling relied on data from NASA’s MERRA-2 (Gelaro et al., 2017), which supply
three-dimensional fields of wind, temperature, and dynamic atmospheric variables necessary for simulating plume transport
and investigating sensitivity to meteorological conditions. Original latitude and longitude resolutions are 0.5° to 0.625°; data
was coarsened by a factor of 2, and native 3-hourly data was interpolated to 15-minute increments to run the trajectory
model.

Tropopause height was taken from the Reanalysis Tropopause Data Repository, using the ERAS5-derived 1° x 1°, 6-hourly
product, (Hoffmann and Spang, 2022) and used to compute tropopause-relative parcel altitude and to define the
troposphere/UTLS/stratosphere layers.

Trajectory positions were mapped to a regular latitude—longitude grid at 1° x 1° resolution using all hourly parcel locations
(i.e., each grid cell is incremented each time a parcel occupies it). For each grid cell, we computed a normalized occurrence
probability (“trajectory PDF”) as the ratio of number of parcel-time samples falling within the cell to the total number of
parcel-time samples over the selected event set and time window. If multiple parcels (or the same parcel at different hours)
pass through a grid cell, all samples contribute to the count. Vertical cross-sections (latitude—altitude and longitude—altitude)
were computed using the same approach, with altitude binned at 250 m resolution. These PDFs represent the relative
likelihood of parcel presence (and therefore plume occurrence) within each bin. For age, altitude, 6, PV, and tropopause-
related quantities, we also computed grid-cell summary statistics (mean, median, and selected percentiles) from the samples
contributing to each grid cell/bin.

For MLS and OMPS, we built an event-centred date list consisting of each pyroCb event date and the subsequent 7 days. We
then combined all unique dates across all events and extracted the satellite fields for those dates to compute the gridded
statistics. Aura MLS Level-3 daily binned CO fields were sampled on the MLS daily grid and summarized by grid cell
across all event-centred days using consistent statistics (median, mean, and selected percentiles). OMPS UVAI swath pixels

(daytime only) were binned to the same analysis grid and summarized in the same way. Here, “percentile” refers to the
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percentile of all values contributing to a given grid cell across the full event-centred sample (days 0—7 over all events). This
enables direct comparison between satellite-derived tracer/aerosol signatures and the trajectory-based transport diagnostics.

Further details on LaTM configuration, trajectory post-processing choices, and instrument-specific filtering/quality control
for the MLS, OMPS, and CALIOP datasets are provided in the relevant sections. The combination of these tools and datasets

provided a comprehensive framework for analysing the occurrence, transport, and atmospheric effects of pyroCb events.

4 Trajectory Model Demonstration and Validation

The Chuckegg Creek Fire has been chosen for this case study and validation process for several compelling reasons. One of
the primary factors in selecting this specific event was the occurrence of multiple CALIPSO overpasses during the initial
days following the pyro-convective cloud (pyroCb) transport. This abundance of data enhances the robustness of our
validation efforts. The Chuckegg Creek Fire pyroCb occurred in Alberta, Canada, near coordinates 58.1°N and 117.1°W, on
June 17th, 2019, at 20:00 UTC (Peterson et al., 2025a). The first pulse lasted about five hours, ending around 01:00 UTC on
June 18th, followed by another pulse near 02:00 UTC that lasted about an hour. According to the Fort Smith sounding, the
injected altitude was around 12.7 km. For additional context, there was another pyroCb at the same location on June 18th at
23:00 UTC that reached about 10 km, and another smaller pyroCb at a nearby location (59.7°N and 116.9°W) on June 17th
at 20:20 UTC that reached approximately 10.7 km. Since this is a case study and validation of the LaTM, we decided to use
the more appropriate sustained duration of seven hours (from 20:00 UTC to 03:00 UTC the next day) for the pyroCb. This
was done to treat the continuous injection collectively rather than analysing the pulses separately. We initialized the air
parcels from 13.7 km (12.7 km plus 1 km to account for uncertainties) down to 8.7 km, resulting in an average smoke layer
thickness of 5 km, which is similar to the climatological smoke thickness used for all the pyroCb trajectory runs in our
current study. Since this specific event was larger than the climatological mean, we opted to initialize the air parcels over a
100 km radius instead of using a single-column approach. The vertical grid size was 100 m and the timestep was 15 minutes
for the case study and the decadal LaTM runs.

We compared the LaTM results (altitude vs. latitude PDF contour, Fig. 2 (top)) with the total attenuated backscatter and
depolarization ratio from CALIPSO/CALIOP. First, the air parcels from LaTM were filtered within +/- 1 hour of the
CALIPSO orbit track timestamp. Then, the filtered air parcels were further sorted based on their proximity to the CALIPSO
orbit track, within 100 km, to prevent aggregation over a large longitudinal distance within the +/- 1 hour timeframe. The
PDF was calculated on a 1-degree latitude and a 0.5 km altitude grid. We compared the LaTM results against CALIPSO data
for the first seven days. On day one (2019-06-18 at 10 UTC), the CALIPSO data showed a smoky layer centred at an altitude
of 12.5 km and a latitude of 62 degrees. Although the backscatter and depolarization ratio values were higher than typical for
smoke layers, their alignment in both altitude and latitude suggested that it could be a smoky-ice layer resulting from the
Chuckegg Creek pyroCb event (Fromm et al., 2021). Above approximately 64 degrees latitude, the presence of the smoke

layer became more evident, indicated by the usual backscatter and depolarization values associated with smoke layers (Kim
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et al., 2018, Peterson et al., 2018, Fromm et al., 2008). On day two (2019-06-19 at 09 UTC), the LaTM clearly models the
smoke layer, showing a near identical latitude span and altitude alignment compared to the CALIPSO total attenuated
backscatter and depolarization values, which reflect typical smoke layer characteristics. On day three (2019-06-20, 20 UTC),
the CALIPSO data, which was sampled during the daytime (unlike the other six days when the data was collected at night),
appeared noisier but still indicated a smoke layer between 62 to 65 degrees latitude. The LaTM effectively captured the
overall plume layer. On day four (2019-06-21 at 09 UTC), the CALIPSO data reveals two distinct smoke layers at similar
altitudes. The layers appear separate because they were sampled as they spiralled. The LaTM effectively captures the two
separate layers. On day five (2019-06-22 at 08 UTC), the CALIPSO data shows a continuous smoke layer stretching from
approximately 44 to 60 degrees latitude. The LaTM accurately modelled the smoke layer that aligns perfectly with this
observation, demonstrating a matching distribution in both latitude and altitude. On day six (June 23, 2019, at 07 UTC), the
CALIPSO data reveal two distinct layers. The layer with the highest concentration is centred around 40 degrees latitude and
has a tapered, inclined shape. Additionally, another layer of high concentration can be observed around 60 degrees latitude.
Both layers have been modelled relatively well with LaTM, particularly when examining the locations of the highest PDF
values. On day seven (June 24, 2019, at 06 UTC), the CALIPSO data indicate a vertically inclined layer centered at 50
degrees latitude, along with another concentrated layer at 55 degrees latitude and 12 km altitude. The LaTM plots match
closely with these locations in terms of both latitude and altitude, especially when considering the areas with the highest PDF
values.

We also compared the LaTM-modeled transport of the pyroCb smoke layer against the OMPS Aerosol Index (Al)
observations using a geospatial latitude and longitude map (in the left and right columns, Fig. 2 (bottom)). The LaTM-
modelled air parcels were filtered to fall within +/- 2 hours of the OMPS orbital track timestamp, represented by a solid line
in Fig. 2 (bottom). The adjacent two orbital tracks are also shown to illustrate the relative position of the smoke more clearly
on the map. The PDF contour map from LaTM was calculated on a 0.25-degree latitude and longitude grid. We examined
the smoke transport modelled by LaTM against OMPS Al for the first seven days, finding a strong agreement between the
modelled transport and the observations. On day one (2019-06-18, 18:42 UTC), the modelled smoke PDF map indicated that
LaTM effectively captured the transport of smoke. The OMPS-AI observations displayed a similar spatial distribution and
shape of the smoke layer, with the highest Al values located in the same areas as the highest PDF values. On day two (2019-
06-19, 18:23 UTC), the OMPS Al revealed that most of the smoke was positioned west of the centre orbit, as accurately
modelled by LaTM. Only an edge or tail of the smoke appeared on the east side of the centre orbit, a detail that LaTM also
captured. This indicated that the overall shape and distribution of the LaTM-modelled smoke transport were in good
agreement with the observations. On day three (2019-06-20, 18:04 UTC), OMPS Al observations confirmed that LaTM had
effectively modelled the smoke transport, evident in the accurate representation of the b-oomerang-like shape and
distribution of the smoke. The highest OMPS Al values again correlated closely with the highest PDF values on the contour
map. On day four (2019-06-21, 17:45 UTC), OMPS Al observations illustrated a V-shaped plume near Hudson Bay, which

was similarly modelled by LaTM. The relative positions of the plume were in good agreement with OMPS-AI observations.
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From day five (2019-06-22, 17:26 UTC) onward, the plume began to stretch and spiral away. The lower-level smoke
transport was slightly slower and shifted southward, while the higher-level smoke layer moved more quickly eastward,
remaining further north. On this day, the OMPS Al indicated a smoke layer signature within a box of approximate latitudes
40°N to 60°N and longitudes 56°W to 78°W, with a boomerang-like filamentary shape. LaTM effectively modelled this
shape and distribution, especially for the higher-level smoke layer observed within similar geographic bounds. By day five,
the lower-level smoke layers began to detach from the higher-level smoke west of approximately 78°W. These layers
continued moving slowly southward, a trend visible in the maps for days six and seven. It is noteworthy that the lower levels
of smoke were not detected by the OMPS Al. The OMPS Aerosol Index (AI) exhibits significant altitude sensitivity, being
much more responsive to high-altitude smoke than to plumes in the mid to low troposphere (Fromm et al., 2008). This
sensitivity arises from the absorption of Rayleigh-scattered UV radiation from the atmospheric column beneath the aerosol
layer. On day six (2019-06-23, 17:07 UTC), the OMPS Al indicated that the smoke layer had spread from 35N, 65W to over
Greenland, and the LaTM accurately represented the shape and distribution of the smoke. As mentioned earlier, the lower-
level, slower-moving southern smoke layer was not evident in the OMPS Al signature on days six and seven. On day seven
(2019-06-24, 16:48 UTC), the OMPS Al signature appeared weaker but was still visible, particularly in areas of higher
smoke concentration. LaTM continued to model the smoke layer effectively, even on the seventh day. On days six and
seven, including the OMPS-AI data from the orbital track near Greenland and Iceland, it shows a signature in that region, as
illustrated in Fig. S3.

We also conducted a rigorous sensitivity analysis of the model parameters (e.g., the number of initialized air parcels in a
single column at the pyroCb plume center location versus distributing the air parcels over a radius around the center,
sustained hours, injection heights) (Figs. S3-S4). Overall, the LaTM models the transport of pyroCb smoke within
reasonable bounds, especially when examining an ensemble map (as we did in the probabilistic way using PDF). Here, the
“ensemble” refers to the set of LaTM trajectory realizations initialized using multiple release points, altitudes, and/or times
to represent uncertainty in the smoke injection location and height. The ensemble-based probability density function (PDF)
maps summarize the regions most frequently sampled by the trajectory members and therefore provide a probabilistic view
of the likely smoke transport pathway. In addition to these ensemble/PDF maps, we examined individual trajectory paths,
altitude-dependent trajectory evolution, sensitivity to initialization height and location, and comparisons with satellite-
observed smoke features to assess the consistency of the modelled transport. In Fig. S3, a comparison of two runs that
involved the Chuckegg Creek pyroCb event is shown. One run involved initializing air parcels over a 100 km radius, while
the other run involved a single-column initialization of the air parcels (the approach we used for climatological 545 pyroCb
LaTM runs). Both runs qualitatively produced similar transport pathways when compared to CALIPSO backscatter,
depolarization, and OMPS Al

The analysis of the case study and comparisons of the LaTM transport results against CALIPSO and OMPS observations
established that LaTM accurately models the transport of pyroCb smoke. Also, visually comparing the results from LaTM
against those from the NAME model (Osborne et al. 2022) suggests that LaTM better models the transport of the pyroCb

10
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310 than NAME does. There could be several reasons why LaTM performs better than NAME, but this is outside the scope of
this study. This indicates that LaTM can be used for further similar studies of single events or climatological transport of

pyroCb smoke.
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Figure 2. Panels showing daily comparisons of key variables following the Chuckegg Creek (58.1N, 117.1W, 20190617 20 UTC)
event. For each day, the panels include: (top, 1st column) vertical cross-sections of trajectory model output extracted along
CALIPSO orbit tracks within +/- 100 km, (top, 2nd column) CALIPSO total attenuated backscatter profiles, (top, 3rd column)
CALIPSO depolarization ratio profiles, (bottom, left column) latitude—longitude PDF maps of trajectory air parcel positions, and
(bottom, right column) OMPS Aerosol Index (Al) distributions. These visualizations collectively illustrate the evolution and spatial
distribution of smoke plumes over the first seven days.
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5 PyroCb Smoke Transport from North America
5.1 Transport Overview: Spatial Footprints, Altitude Distribution, and Plume Age

We examined the decadal diagnostics of pyroCb plumes transport from several points of view to get as many insights as
possible into the pyroCb transport. Figure 3 shows the global transport of the pyroCb smoke as a PDF (top), the average age
of the smoke (middle), and the average altitude of the pyroCb air parcels (bottom). The PDF shows the comparative
distribution of the air parcels from the North American pyroCbs, mostly several transport hotspots (localized maxima). There
is a local maximum in the north-western region of Canada (approximately around 120°W, 57°N, for a closer look, see Fig.
S7), primarily representing the fresh (less than one day) smoke around the area. And there is another local maximum
surrounding the west-central region of USA (approximately around 102°W, 38°N), with relatively fresh smoke layers (less
than one day, for a closer look, see Fig. S7). There is another local maximum (90°W, 35°N) away from the pyroCb locations
representing mostly the downstream mid-range older (around 1-2 days) smoke. We also ranked the highest probability
locations (please see Fig. S7 in supplementary materials, for better understanding and visualization).

The PDF clearly shows a main transport pathway for the long-range air parcels that heads towards Europe around a
longitudinal line of 45°N. The smoke layers approximately take 4-5 days to reach Europe. The average height of the smoke
layers that head over to Europe around 10 to 11 km, mostly representing the UTLS layers. These contour maps also reveal
some interesting insights about the transport of smoke layers into the tropics. Although the trajectory density of transport
into the tropics is low, the mean-altitude contours indicate that the parcels reaching tropical latitudes reside high in the upper
troposphere/ Tropical Tropopause Layer (TTL): a subset lies above ~15 km, near/above the TTL base defined by the level of
zero net radiative heating (=14.5-15 km). Air detraining above this level experiences net radiative heating and tends to
ascend, so these parcels could continue rising and potentially reach the lower stratosphere on longer timescales (Fu et al.,
2007).
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Figure 3. Top: probability density function (PDF) of smoke air-parcel concentrations, with color bar showing normalized

345  trajectory density [unitless]. Middle: plume mean age since injection, with color bar showing age since injection [hours|. Bottom:
plume mean altitude, with color bar showing altitude [m]. These panels collectively illustrate the statistical spatial properties,
temporal evolution, and vertical distribution of pyroCb-derived smoke plumes.

5.2 Seasonal and Regional Dependence of Transport Pathways

Figure 4 shows the seasonality and regionality of the pyroCb occurrences and their associated plume transport. To better
350 reveal long-range transport pathways—where trajectory densities are low because of the 7-day integration window—please
see the PowerNorm-scaled (PDFY) version in Fig. S9. There is a clear pattern in seasonality, in both pyroCb occurrence and

downstream transport, since seasonal changes in event frequency/location and in large-scale circulation jointly control the
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transport pathways. Most of the spring pyroCb (71 or 13% of total events) activity takes place over Canada resulting in the
main transport pathway being further north compared with other seasons, frequently affected by the polar or mid-latitude jet
streams. Most of the fall pyroCb (41 or 7.5% of total events) takes place in the USA; the transport pathways follow westerly
winds, and southern smoke layers are caught in the sub-tropical jet.

One interesting feature in the pdf of the fall transport is the presence of an accumulation zone around 20°N to 30°N and
120°W to 130°W. This accumulation is notable because it lies southwest of the pyroCb sources, contrary to the typically
eastward flow. Another accumulation zone in the fall pdf is near Hudson Bay (~55° N, 85° W), suggesting increased
residence rather than simple downstream through-transport. A few fall pyroCb over Canada follow the transport pathways
more north-eastern bound. The summer season (433 or 74.4% of total events) affects both regions, although Canadian
regions have a higher frequency of pyroCbs. Canada has almost double the number of pyroCbs compared to the USA, with
357 recorded against 187 from 2013 to 2023 across all seasons. The transport pathways from the Canadian pyroCbs moves
to the south as they travel further east, eventually following the 40th North parallel for the long-range transport towards
Europe. Although the transport pathways of the USA pyroCb plumes follow a track heading to 30N for the short- to mid-
range transport, the mid- to long-range transport gets eventually diverted further north (around 40N) while heading towards

Europe.
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Figure 4. Seasonality and regionality of pyroCb smoke transport. The subplots a, b, and ¢ show the seasonal distribution of smoke
370 transport, categorized into spring, summer, and fall. The subplots d and e illustrate the regional differences in smoke transport,
divided between Canadian and USA pyroCb events. The red dots are pyroCb locations.

5.3 Transport in Distinct Vertical Regimes: Troposphere, UTLS, and Stratosphere

Figure 5(top) shows the transport of smoke injected above the tropopause. The stratospheric smoke plumes are more

frequent around a latitude band between 35°N and 65°N with the highest frequency around 50N while transported toward

16



375

380

385

390

395

400

https://doi.org/10.5194/egusphere-2026-3536
Preprint. Discussion started: 6 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Europe. The maximum concentration of the stratospheric smoke layer near 50° N appears to be primarily associated with
transport from three major pyroCb source hotspots where many of the strongest events injected smoke to higher altitudes:
southern Oregon/northern California near the Cascade Range (~42° N, 122° W), interior British Columbia near the Cariboo—
Thompson/Wells Gray region (~52° N, 120° W), and northern Manitoba near the Hudson Bay—Lake Winnipeg sector (~53°
N, 95° W). As shown in Figs. 1 and 5, smoke originating from the southern Oregon/northern California hotspot is first
transported north-eastward before merging with the broader midlatitude transport corridor near 50° N. This pathway helps
explain why the stratospheric transport maximum is centered near 50° N, rather than directly over the source regions. The
result suggests that the observed stratospheric concentration maximum reflects both the locations of high-altitude pyroCb
injections and subsequent synoptic-scale steering by the midlatitude circulation. Fewer stratospheric plumes travel to the
Equator.

The transport pathways of the UTLS layer (Fig. 5 (middle)) are dominated by the Canadian pyroCbs as expected since their
maximum injection heights is usually near the tropopause, located at lower altitudes at higher latitudes (Figs. 1 and S1). The
UTLS transport pathway is centered around a latitude band between 30N and 75N, although the layer gets thinner and
narrower as the smoke travels east by the westerlies, centered around 45N. The tropospheric smoke (Fig. 5 (bottom))
frequency is higher further south for the short- to mid-range transport, with a higher frequency up to 30°N, eventually,
although the tropospheric layer shifts north when traveling mid- to long-range around the same centerline as the UTLS layer,
around 45°N. Only a few UTLS and tropospheric smoke layers show cross-hemispheric transport into the southern
hemisphere. Absorbing aerosols in the stratospheric layers (black and brown carbon) can experience enhanced solar heating,
leading to diabatic ascent (“self-lofting”) by several kilometers (Das et al., 2021; Yu et al.,, 2019). In some cases,
stratospheric smoke also organizes into long-lived smoke-charged anticyclonic vortices (often termed SWIRLSs), which can
further prolong residence time by dynamically confining the plume in the stratosphere. LaTM does not simulate SWIRL
dynamics, though MERRA-2 may partially capture their large-scale circulation signatures.

This section summarizes 7-day transport across the troposphere, UTLS, and stratosphere for parcels initialized within the
PyroCb injection envelope (2013-2023). Because the trajectories are passive and conditioned on PyroCb event timing,
location, and injection-height range, the results characterize PyroCb-conditioned transport pathways and are not a

climatology of background (non-PyroCb) parcel transport.
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Figure 5. Maps illustrating the transport pathways of pyroCb smoke plumes in different atmospheric layers: stratospheric (top),

the upper troposphere-lower stratosphere (middle) (UTLS; defined as +2 km and —2 km relative to the tropopause), and

tropospheric (bottom). These maps highlight the distinct spatial distribution of smoke transport within each layer. The colorbars
405 show normalized probability density functions (PDFs; unitless).

5.4 Vertical Structure and Evolution of Smoke Layers

Figure 6 shows the vertical structure, spatial distribution, and residence time of the pyroCb smoke with absolute altitude and
regridded relative-to-tropopause altitude. In the longitude vs altitude plots (Fig. 6a and b), data are latitudinally aggregated
and in the latitude vs altitude plots (Fig. 6¢ and d), data are zonally aggregated. The tropopause-relative altitude diagnostics
410 show that some pyroCb smoke layers extend 6—7 km above the tropopause, confirming that a subset of events injects smoke

well into the stratosphere. The PDF values decrease with increasing height above the tropopause, indicating that these
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highest-altitude layers are relatively less frequent and are associated with the most extreme injection events. Consistent with
the stratospheric transport patterns discussed in the previous section, the strongest signal occurs near the 50° N latitude band,
beginning near 120° W and extending downstream along the long-range transport pathway. The latitude vs altitude plots
(Fig. 6¢c and d) show two centers (one at around 45N and one at around 60N) of higher concentration in the upper
atmosphere close to the UTLS. The two centers are separated by a lower concentration of smoke layer around 50N, possibly
due to the mid-latitude jet (also changes in the location of the jet, further north in summer) that accelerates and separates the
smoke layer from the further southern part. Another possible reason could also be the locations of Canada and US pyroCbs,
see Figs. 1 and S1. Below 60N, the tropospheric smoke appears at lower levels as it moves to the south, almost following
isentropic lines (Fig. 6¢c, also see supplementary Fig. S5).

In the tropics (20N to 10S), smoke layers appear to ascend through the tropical UTLS (Fig. 6¢ and d; Fig. S5). In tropical
regions, large-scale slow ascent through the tropical tropopause layer (TTL) and tropical upwelling into the lower
stratosphere—part of the upwelling branch of the Brewer-Dobson circulation—offers another route for tracers that reach the
TTL, a pathway that would be better assessed with longer trajectory integrations than the 7-day window used here. Above
60N the tropospheric smoke travels to the north, without any major descending, rather sometimes with ascending, especially
the upper-level smoke. Some tropospheric smoke can be transported into the UTLS through several pathways. One of these
pathways is direct convective injection, which can occur during events like deep convection that overshoot into the UTLS,
although efficacy of this transport mechanism is hard to quantify (Fromm et al., 2019). Additionally, smoke layers that
absorb heat can experience diabatic radiative heating, a process known as "self-lofting." This mechanism causes sustained
upward movement, lifting smoke from the free troposphere toward the tropopause and even deeper into the lower
stratosphere. Although currently the LaTM does not model this process, the temperature profiles assimilated into MERRA-2
may include some thermal effects of large pyroCb plumes.

In extratropical regions, synoptic-scale cyclones and warm conveyor belts (WCBs) can lift smoke air into the UTLS
(Khaykin et al., 2025), which may be followed by stratosphere-troposphere exchange (STE) (see supplementary Fig. S6 for
more details). Near the jet stream and the dynamical tropopause, phenomena such as tropopause folds, upper-level fronts,
and Rossby-wave breaking lead to filamentary intrusions and strong potential vorticity (PV) gradient distortions. This
promotes STE by mixing tropospheric and stratospheric air masses. Turbulence, including gravity-wave-induced turbulence,
can enhance this mixing and render the exchange irreversible, although such sub-grid scale processes are not explicitly

resolved in the current trajectory analysis.
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Figure 6. Vertical structure, spatial distribution, and residence time of pyroCb smoke transport. Panels show (a) longitude versus
tropopause-relative altitude, (b) longitude versus absolute altitude, (c) latitude versus tropopause-relative altitude, and (d) latitude
versus absolute altitude. The longitude-altitude panels (a, b) are aggregated over latitude, while the latitude—altitude panels (c, d)
are aggregated over longitude. Color shading represents normalized probability density (unitless), indicating where transported
smoke is most frequently located in the projected longitude—altitude and latitude—altitude distributions. Contour lines show the
mean smoke age/residence time. Red arrows indicate the dominant projected transport direction, consistent with the transport-
vector patterns shown in Fig. S5.

6 Multi-Sensor Corroboration of Transport Pathways

Figure 7 shows the comparison of the pyroCb transport pathways (Fig. 7c) with the OMPS 99th percentile (smaller
percentile variations do not affect the contour significantly) Al (Fig. 7a) and MLS 99% percentile CO mixing ratio (Fig. 7b).
The pyroCb transport pathways match relatively well with both of them. However, OMPS Al maximum is located further
north compared to the maximum frequency of pyroCb plumes. In addition, MLS CO maximum concentration is a little south
of the pyroCb transport pathways, although the highest hotspot of the MLS-CO concentration matches quite well with the
hotspot of the pyroCb transport pdf. The major differences among the three contour maps are within early hours of fresh
smoke transport within short-range transport. As the smoke travels further to the east under the influence of westerlies mid-
range to long-range as they approach Europe, their concentrations have a centerline around 50N, proving that main transport

corridor is the same for those pyroCb smoke aerosols and their associated trace gases (e.g., CO).
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The likely reason for the apparent difference between the LaTM pdf output and the OMPI-AI is that the latter is more
sensitive to high-altitude smoke layers. Because the tropopause is generally lower at higher latitudes, Canadian pyroCb
injections can more readily place absorbing smoke near or above the tropopause (in the UTLS/lower stratosphere); all else
equal, a higher aerosol layer height increases the UV aerosol index, so elevated Canadian layers are expected to exhibit
higher Al In addition, we have seen this in the validation section of the case study. Since the higher-altitude smokes are
more sensitive to UV radiation, even at diluted concentrations after a few days, that’s why we see better match of the OMPS-
Al with LaTM pdf map for the mid- to long-range plume around the 50N centerline as the smoke travels over Atlantic
approaching to Europe. The relative higher concentration of OMPI-AI above 70N is mainly due to the influence of the
Siberian pyroCb as evidenced in the tail of the signature gets extended when they approach North America, shifting a little
bit towards the pole.

The main reason for the apparent difference between LaTM map and MLS-CO is that the tropical and subtropical influence
of fires on the signature of CO trace gas from the North American pyroCbs, especially the influence of Asian (ASMA) CO
extended to North America as evident by the tail that is moving to North America while shifting further north. Here we
compared the MLS-CO at single pressure levels of 215 hPa (approximately 11.3 km), varying the altitude range does not
change the heatmap significantly, but including more tropospheric data shifts the pattern further south, as it intuitively makes
sense due to higher influences of the CO in the tropics and subtropics. Future work could apply multivariate decomposition
methods (e.g., PCA/SVD) to separate dominant modes of variability and evaluate potential confounding influences (e.g.,
monsoon-related circulation), but such analyses are beyond the scope of this study. Future comparisons of Al and CO with
the LaTM could be significantly improved by using the trajectory data to explicitly track the evolving plume. Additionally,
incorporating MLS ozone (O3) would provide a robust chemical filter; by leveraging the natural anticorrelation between O3

and CO, tropospheric interference can be rigorously screened out to isolate the true UTLS signal.
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Figure 7. Comparison of (a) OMPS Aerosol Index (AI), (b) Aura MLS carbon monoxide (CO) concentrations, and (c) LaTM
trajectory-based air parcel density maps during selected periods following pyroCb events. These panels highlight the spatial
correspondence between satellite-observed aerosols, trace gas enhancements, and modeled smoke transport. The 99th percentiles
of MLS-CO at 215 hPa and OMPS-AI were calculated over unique dates (948 days from 2013 to 2023) for the seven days following
each event.

7 Operational Applications of Transport Diagnostics

Figure 8 shows the application of the transport pathways of the current study, which already support the community to plan,
coordinate, and study pyroCbs. The top two figures show the PDF and age of the pyroCb plumes over North America
between July, 27th to September, 9th constructed with all (115 in total) pyroCbs which took place between 2013 and 2023.
This period coincides with the timings of the planned NASA INSPYRE mission to study pyroCbs over North America
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(Peterson et al., 2025b). The plots highlight the ranges of the two aircrafts that will operate during the mission; one is ER-2
which will be based in Montana, and the other one the GV which will be based in Colorado. The circles show the ranges and
the loiter times. The climatological pdf and age plots indicate the likelihood of sampling smoke layers in proximity to
potential pyroCbs regions and associated with the likely age of the smoke. There are mainly three transport hotpots (smoke
accumulation zones) approximately at (40°N, 120°W), (45°N, 110°W), and (35°N, 90°W) highlighting the higher probability
of the smoke sampling, especially the fresh plumes. The average age of the smoke layers at the first two transport hotspots is
less than 24 hours. Although most of the pyroCb locations are further northwest, the third transport hotspot of the
downstream plume, has an average age less than 48 hours, enough to have more preparation to plan and sample the short- to
mid-range plume at the downstream.

The bottom two contours in Fig. 8, represent the horizontal distribution of the global smoke layers (latitude vs longitude) and
the vertical distribution of the smoke layers (altitude vs longitude). The vertical distribution plot is sampled within 45°N to
55° N, the latitude of the two stations of the BalNeO network (Vernier et al., 2025). The two white crosses and verticals lines
represent the two locations, one at Minnesota, USA and another at Reims, France. The Minnesota station is great for short to
mid-range sampling a pyroCb smoke layers, while the Reims station is great for long-range sampling. So, the two stations
perfectly sit at the transport hotspot with the pyroCb concentrations. There have been already several samplings of the
pyroCb smoke using the network.

Figure S8 shows aerosol concentration profiles from 3 flights conducted between 2022 and 2025 in Reims, Salina, and
Minnesota. The flight on 06/03/25 conducted from Reims was planned with the trajectory forecast from LaTM of the pyroCb
plume from the Red Earth East Complex Fire (REECF), one of the largest pyroCb of the 2025 season in North America. We
sampled the REECF pyroCb plume reflected in the largest aerosol concentration ever measured by our system near the
tropopause (700-800#/cm3). A near-source pyroCb plume was also detected on 06/17/22 during a balloon flight conducted
from Salina/US (Fig. S8c) but with aerosol concentration significantly lower (up to 100#/cm3). Finally, a flight from
Minnesota seems to have possibly crossed an aged pyroCb plume with aerosol concentration up to 7-8#/cm3 near 10 km on
08/27/25. The volumetric size distribution of smoke plumes from the 3 pyroCb plume significantly differs from background
stratospheric aerosol with the presence of two aerosol modes, a mode of fine particles below 0.7 um and a larger mode up to
2-3 um. The mean radius mode of the fine mode is likely smaller than the lower size threshold of the POPC (0.3 pm).
Overall, this work demonstrates the synergy between trajectory analysis and balloon measurements of pyroCb plumes.

A unique aspect of this study is the development of a decadal, pyroCb-specific trajectory climatology that quantifies
preferred smoke-transport pathways across source regions, seasons, transport ages, and atmospheric layers. This scalable and
customizable framework can inform aviation and mission planning by identifying routes and airspace sectors that are more
prone to wildfire-smoke influence, including reduced visibility and potential encounters with pyroCb-related smoke layers,
smoke-charged vortices, and turbulence. Specifically, the diagnostics quantify how interception probability varies with
latitude, longitude, altitude, time since injection, season, source region, and vertical regime, as shown in Figs. 3-6, S5-S7,

and S9-S10. Because the analysis can be subset by time window, regional domain, transport age, and altitude layer, it
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provides a flexible basis for targeted applications such as aircraft-route assessment, field-campaign planning, and
interpretation of satellite-observed smoke signatures. The same framework also highlights corridors that are more susceptible
to cross-tropopause transport (Fig. S6), where smoke can transition between the troposphere, UTLS, and lower stratosphere,
increasing the likelihood of persistent layers near common flight altitudes (Khaykin, S. et al. 2025). These insights can
support route and altitude adjustments during active fire periods, reduce the likelihood of traversing concentrated smoke
plumes, and thereby mitigate risks to aircraft operations and engines. They may also provide useful context for post-flight
assessment and operational interpretation by helping distinguish externally sourced wildfire smoke (e.g., odor or haze
episodes) from onboard engine or cabin sources, potentially reducing unnecessary operational disruption, including
precautionary diversions or emergency landings.

Because these maps represent a multi-event, pyroCb-conditioned climatology, the downwind pathway of any individual
pyroCb plume may depart from the mean pattern depending on the synoptic steering at the time of injection; accordingly, the
climatology is best used as a probabilistic guide for identifying likely transport corridors and downstream

sampling/avoidance regions rather than as a deterministic prediction for a specific event.
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Figure 8. The top two panels show the probability density function (PDF) and average age of pyroCb smoke transport from July
27 to September 9 (corresponding to the INSPYRE mission period) during 2013-2023. Crosses indicate the locations of the two
flight bases (Montana and Colorado) for the ER2 and GV aircraft, while circles denote flight ranges and loiter times. The bottom
two panels display the global distribution of pyroCb smoke and its vertical distribution, the vertical plot being sampled within
45°N to 55°N; the white horizontal line marks the average tropopause height in this latitude band. The two crosses and two
vertical lines indicate the locations of the BalNeO network sites in Minnesota, USA, and Reims, France.

8 Discussions

We study the North American pyroCb transport in a coherent framework, showing how these extreme fire-driven convection
events spread across regions (United States and Canada) and through different atmospheric layers (troposphere, UTLS,
stratosphere). We show that these transport patterns vary by season (spring, summer, and fall) and within targeted time
windows relevant to pyroCb activity. Our interpretation is supported not only by transport-model diagnostics but also by
independent satellite observations and additional datasets, which increases confidence in the robustness of the findings.
Within this framework, we identify the dominant transport pathways and highlight situations where the transport deviates
from these typical routes. We then discuss the potential consequences of pyroCb-driven transport for atmospheric

composition and impacts, including radiative effects and possible ozone-related changes. Finally, we outline how these
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insights can be used to improve model representation and forecasting and to support planning for future events and

observations.

8.1 Synoptic Controls on PyroCb Smoke Transport

The transport analysis identifies several distinct aerosol anomalies that deviate from standard eastward zonal flow. Near the
Yukon (60°N, 130°W), elevated smoke concentrations are observed to the west of the pyroCb injection points, a
phenomenon known as retrograde transport (Fig. S10 (middle), Fig. 3). This westward displacement may reflect the
influence of anomalous upper-level circulation, including cutoff-low or omega-blocking-type patterns, which can disrupt the
typical eastward transport and redirect pyroCb smoke within the UTLS (Khaykin et al., 2025; Peterson et al., 2025a) (Fig.
S10 (top)). Transport toward Hudson Bay, with occasional weak accumulation over or near the region, appears in other years
and seasons in our trajectory diagnostics, mainly for higher-latitude Canadian pyroCb events. The pronounced fall maximum
near 55° N, 85° W (Fig. 4c, Fig. S10(bottom)), however, is mainly amplified by the September 2023 Canadian pyroCb
events and is most likely linked to late-season synoptic steering that directed Canadian smoke north-eastward into the
Hudson Bay sector (Jain et al., 2024; Khaykin et al., 2025). The subtropical-Pacific pathway appears recurrent in summer
(Fig. 4b), consistent with NAMA/subtropical-ridge control of high-altitude convective outflow toward Pacific-side export
regions (Clapp et al., 2021). Its appearance in the fall composite near 20°-30° N, 120°-130° W is better interpreted as an
episodic 2019-2020 anomaly (Fig. S11), with the 2020 contribution consistent with amplified upper-level ridging/Rossby-
wave breaking (Russell et al., 2024) and long-range transport of upper-tropospheric western U.S. smoke (Ceamanos et al.,
2023). The aerosol accumulation observed in the subtropics represents an aged plume that has undergone southward
meridional transport. Upon reaching approximately 30°N, this stagnant air mass interacts with the Subtropical Jet (STJ),
where it is entrained and rapidly accelerated eastward, transitioning from a blocking-dominated regime to a jet-driven zonal
transport regime (Figs. S10 and S5). At lower tropical latitudes near the TTL, the easterly arrows in Figs. S5 and S10 may
indicate westward transport by tropical easterly flow, potentially modulated by the QBO phase, suggesting a distinct tropical
pathway separate from the dominant eastward subtropical and midlatitude transport.

The vertical contours of smoke age (Fig. 6) serve as a proxy for transport velocity, indicating the time required for smoke
layers at different altitudes to reach a specific location. The data reveals that transport is most rapid in the upper troposphere,
where high-velocity jet stream winds drive faster zonal advection compared to both the stratosphere and the lower
troposphere. This vertical gradient supports critical inferences regarding residence time: while tropospheric layers are subject
to rapid removal via precipitation, the stratosphere is characterized by high stability (stratification) and an absence of wet
deposition. Consequently, stratospheric aerosols can only be removed through slow gravitational settling or large-scale

Brewer-Dobson circulation, resulting in residence times ranging from months to years.
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8.2 Tropical Reach and Cross-Hemispheric Export of North American pyroCb Smoke

We observe that North American pyroCb smoke can reach tropical latitudes and that a small fraction of trajectories show
cross-equatorial excursions into the Southern Hemisphere (Figs. 3—6), consistent with prior evidence of PyroCb/UTLS
smoke reaching low latitudes and tropical pathways (Fromm et al., 2019; Kloss et al., 2019, Das et al., 2021). However, this
transport appears to be occasional and less dense. Several factors contribute to the low density (low PDF values) of this
transport. One main reason is that we only tracked the trajectories for seven days, which is significantly shorter than the
typical median tracking duration. Another contributing factor is the limited number of air parcels from individual events and
the two-hour release window for sustained hours. To obtain more robust data on the transport of pyroCb smoke to the tropics
and southern hemisphere, it would be beneficial to run trajectories for longer periods (weeks to months) and with a greater
number of air parcels, while also allowing for longer sustained hours. Additionally, this transport phenomenon is dependent
on spatiotemporal factors, as discussed in section 5.2. For the seven-day run, we observe that summer events and pyroCb
smoke from the USA demonstrate this behaviour more (see Fig. 4b, e). The transport is more prominent within the same
longitudinal band around 110°W where the pyroCb events originate. The altitude levels at which this transport occurs can be
seen in Fig. 6 and Fig. S5. Some of these smoke layers may reach the stratosphere, as discussed in the earlier results section,
which provides a detailed explanation of the transport mechanisms involved.

We also observe cases in which smoke from North American PyroCb events intrudes into the tropical—subtropical circulation
associated with the Asian summer monsoon anticyclone (ASMA/AMA), similar to the pathway discussed by Kloss et al.
(2019). In that study, TRACZILLA back-trajectories were typically integrated for 9 days, and were extended to 18 days for
selected profiles to strengthen source attribution. Extending our forward-trajectory integrations beyond 7 days (e.g., toward
~9 days, and longer in sensitivity tests) would likely capture a more complete depiction of advection and possible

entrainment along the ASMA boundary, improving our ability to diagnose this connection when it occurs.

8.3 Environmental Implications of Transport Diagnostics

Studying the transport of pyroCb plumes in the stratosphere is relevant for many science applications associated with
assessing their radiative and climate impacts and their influence on stratospheric ozone chemistry. Large aerosols measured
in smoke plume in 2022, 5 days after a pyroCb in New Mexico suggest that the radiative cooling could be larger than
initially assumed (Li et al., 2025). Recent studies have found that stratospheric smoke has resulted in the loss of stratospheric
ozone over the midlatitudes after the Australian New Year (ANY) pyroCb event (Bernath et al., 2022; Solomon et al., 2022)
and could delay future ozone recovery. The pyroCb plume database that is developed in this study can help assess the
radiative, climate, and stratospheric ozone impacts of pyroCbs, a growing phenomenon affecting the stratosphere.

In addition, the mid-range transport of pyroCb plumes in this study suggest that these plumes return to the troposphere where
they can impact weather (especially on the downstream smoke accumulation regions) since aerosol can serve as CCN and

thus affect cloud formation. While travelling back to the troposphere, they could have an impact on Air quality away from
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the fires. In addition, smoke plumes can reduce solar radiation near the ground and lower solar energy production (Corwin et
al., 2025).

The transport of smoke plumes from North America across the Atlantic has the potential to influence cirrus cloud formation
over the North Atlantic region, Europe, and the Arctic Circle. Evidence of cirrus cloud formation triggered by aged smoke
plumes from the 2020 California wildfires has been observed by Mamouri et al. (2023) through routine ground-based lidar
and radiosonde measurements. Synergistic observations using Mie-Raman and fluorescence lidars have also detected aged
smoke within cirrus cloud layers over France (Veselovskii et al., 2022). In situ measurements of black carbon from IAGOS-
CARRIBIC have revealed high concentrations of black carbon, with thick coatings, in the lowermost stratosphere over North
America and the North Atlantic region (Ditas et al., 2019) which may potentially influence cirrus cloud formation. This may
lead to local radiative heating and could significantly influence regional radiative forcing. Additionally, these smoke plumes
may affect Arctic cirrus formation, as observed from ship-borne measurements in the Arctic (Ansmann et al., 2025).
Although the present analysis focuses specifically on North American pyroCb events, the resulting transport patterns—
particularly those diagnosed in the tropospheric layers—also provide insight into regions potentially exposed to wildfire-
related air pollution. Because pyroCbs represent intense wildfire events capable of injecting smoke into both the upper
troposphere/lower stratosphere and lower atmospheric layers, the tropospheric trajectory PDFs can be interpreted as a useful
proxy for identifying likely downwind transport pathways and receptor regions affected by broader wildfire smoke and
boundary-layer pollution.

The LaTM trajectory PDF represents the relative frequency or residence of ensemble trajectory points within each grid cell.
By itself, this field is not a mass-conserving aerosol concentration product. However, because the trajectories were initialized
from pyroCb smoke source regions and the regions of enhanced PDF were independently corroborated by OMPS Aerosol
Index and MLS CO enhancements, we interpret the PDF as a relative proxy for likely smoke loading/concentration. Thus,
the PDF is used here both as a transport diagnostic and as an observationally supported indicator of regions where pyroCb

smoke was more likely to be concentrated.

8.4 Potential ENSO Influence on the Seasonal and Regional Distribution of PyroCbs

Large-scale climate variability, including ENSO, may contribute to year-to-year and regional variability in pyroCb activity
(Peterson et al., 2025a). Using the ENSO 3.4 index (Huang et al., 2019), we explored how seasonal and regional pyroCb
occurrence varies with ENSO phase (Fig. S2). The results suggest that El Nifio is associated with relatively more high-
latitude pyroCbs over Canada (Luo, B. et al. 2025), whereas La Nifa is associated with relatively lower-latitude pyroCbs
over the USA (Keeping et al., 2025). Neutral conditions also appear to favour slightly higher-latitude than lower-latitude
events. Overall, El Nifio and neutral conditions are associated with more pyroCbs across North America in our dataset, with
El Nifio showing the highest frequencies. In contrast, ENSO does not appear to exert a strong influence on the longitudinal
distribution of pyroCb occurrence, although El Nifio (Luo, B. et al. 2025) and neutral conditions show a slight tendency

toward more easterly events. These relationships should be interpreted cautiously, because ENSO influences may be delayed
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and regionally dependent, operating through changes in large-scale circulation, precipitation, and land-surface moisture
rather than through a simple direct cause-and-effect pathway. Thus, our results are best viewed as suggestive of a possible
ENSO influence on pyroCb occurrence, while more quantitative analysis is needed to test the robustness of these patterns.
Future studies will examine these relationships in greater detail, including the roles of precipitation, land-surface moisture,
and other relevant meteorological controls. Any ENSO influence on pyroCb smoke transport is also likely indirect, through
its modulation of pyroCb occurrence and location, whereas the actual transport pathways are controlled more directly by the

contemporaneous meteorological environment.

9. Conclusion:

This study investigated transport of smoke plumes injected into the UTLS by pyroCb activity in North American during
2013-2023 using a worldwide pyroCb inventory (Peterson et al. 2025a), the NASA Langley Trajectory Model (Pierce and
Fairlie, 1993), and MERRA-2 meteorological fields (Gelaro et al., 2017). The Chuckegg Creek pyroCb event demonstrated
that LaTM can reproduce major observed transport features when compared with CALIPSO and OMPS, supporting its use
for broader climatological analysis of pyroCb smoke pathways.

The climatological results show that pyroCb smoke transport over North America depends strongly on source region, season,
injection altitude, vertical regime (Troposphere, UTLS, and Stratosphere), and synoptic meteorological setting. Short-range
transport is characterized by fresh plume hotspots (accumulation zones) near northwestern Canada and the west-central
United States, while the central United States acts as a downstream accumulation region where persistent smoke layers can
develop, especially in the troposphere. Long-range transport is dominated by Canadian pyroCbs and frequently follows a
trans-Atlantic pathway near 45° N, with smoke layers commonly located at UTLS altitudes of approximately 10—11 km after
4-5 days of transport.

Vertical-regime analysis further shows that pyroCb smoke is distributed across the troposphere, UTLS, and lower
stratosphere. Tropospheric smoke is more concentrated near 30° N during short- to mid-range transport, before shifting
toward the midlatitude pathway during longer-range export. UTLS smoke, dominated by Canadian pyroCbs, extends over a
broad latitude range from about 30° N to 75° N and is centered near the 45° N pathway toward Europe. Stratospheric smoke
transport occurs mainly between 35° N and 65° N, with the highest concentration near 50° N, and some smoke reaches
approximately 6—7 km above the tropopause, are contributed by extreme events. These results indicate that pyroCb events
can inject smoke into dynamically distinct atmospheric layers and that the subsequent transport is organized by both source
location and large-scale circulation.

Seasonal differences are also important. Summer accounts for the largest number of pyroCb events and affects both
Canadian and U.S. source regions, although Canadian events are more frequent. Canadian summer smoke often moves
southward before following the midlatitude pathway toward Europe, whereas U.S. smoke more often follows a lower-

latitude pathway near 30° N during short- and mid-range transport before also merging with the broader 40°—45° N export
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corridor. Spring events over Canada tend to follow more northerly pathways influenced by polar or midlatitude jets. Fall
events over the United States show distinct transport behaviour, including transport by westerlies, interaction with the
subtropical jet, enhanced smoke near Hudson Bay, and a convergence feature near 20°-30° N and 120°-130° W that can
redirect smoke southward toward Mexico and westward over the Pacific Ocean.

The analysis also highlights the role of synoptic-scale circulation in shaping smoke pathways. Retrograde (westward)
transport at high latitudes is likely linked to an Omega-blocking pattern, while enhanced smoke near Hudson Bay suggests
that persistent regional circulation features can favour smoke accumulation far downstream of source regions. These findings
show that pyroCb smoke transport cannot be explained by injection height alone; it also depends on the evolving
meteorological environment into which the smoke is injected.

In addition to midlatitude and trans-Atlantic transport, the results show that North American pyroCb smoke can reach the
tropics and, in some cases, cross into the Southern Hemisphere. This tropical and cross-hemispheric pathway occurs
especially from U.S. pyroCbs during summer and follows a longitudinal band near the source region around 110° W. Smoke
reaching the tropics is often located above 15 km and ascends through the tropical UTLS, indicating a potential pathway for
longer-lived high-altitude transport. The Asian Summer Monsoon Anticyclone also appears to contribute to the tropical
reach of some smoke layers. However, trajectory simulations extending beyond the current 7-day window are required to
better characterize the long-range transport, residence time, and eventual redistribution of these plumes.

Independent satellite observations provide additional support for the major trajectory-based transport pathways. OMPS
aerosol index signatures are located somewhat north of the LaTM probability-density fields during short-range transport,
while MLS CO enhancements are located somewhat further south. However, both satellite tracers show reasonable
agreement with LaTM in the mid-range hotspots and in the long-range pathway near 50° N. This agreement increases
confidence that the trajectory diagnostics capture the dominant smoke-transport corridors, while the offsets among LaTM,
OMPS-AI, and MLS-CO reflect differences in tracer sensitivity, sampling, vertical structure, and plume evolution.

The transport diagnostics also have practical value for mission planning, environmental interpretation, and operational
assessment. The climatological hotspots support the placement and use of observation networks and campaigns such as
BalNeO and INSPYRE, including short- and mid-range sampling near Minnesota and long-range trans-Atlantic sampling
near Reims. The same diagnostics can help identify aviation routes more susceptible to smoke layers and regions where
chemical, radiative, cloud-related, ozone-related, or dynamical impacts may be more likely. The seasonal and regional
dependence of pyroCb frequency, including its relationship with the ONI ENSO index, further suggests that large-scale
climate variability may influence not only pyroCb occurrence but also the preferred transport pathways of the resulting
smoke.

Overall, this study provides a scalable framework for understanding how wildfire-driven convective injections redistribute
smoke from regional source areas to continental, trans-Atlantic, tropical, and potentially hemispheric scales. By combining

trajectory modelling, vertical-regime analysis, seasonal and synoptic interpretation, and multi-sensor satellite corroboration,
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the results show that North American pyroCbs can affect atmospheric chemical, radiative, and dynamical conditions from

the troposphere to the lower stratosphere far downwind.
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