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Abstract. Recent studies hypothesize that emissions from fires reaching the stratosphere can provide aerosols
and aerosol precursors that initiate stratospheric ozone loss and lead to radiative heating of the stratosphere and
cooling of the surface. Air from the troposphere enters the stratosphere primarily over the tropical western Pacific
(TWP) during boreal winter. We report observations in the TWP of persistent, ubiquitous pollution in the tropi-
cal tropopause layer (TTL) and lower stratosphere (LS) during the Airborne Tropical TRopopause EXperiment
(ATTREX) campaign in February—March 2014. We found carbon monoxide (CO) concentrations increased by
up to 65 % above background levels in the deep tropics (5° S—15° N; 16—17 km). Correlations of CO with hydro-
carbon and halocarbon species indicated a biomass burning source, with the largest CO increases in cloud-free
air. Satellite observations did not detect the thin layers of CO observed by the aircraft and revealed Africa, In-
donesia, and the western and central Pacific as geographical hot spots for CO in the TTL. Backward trajectories
also identified convective encounters in these areas, highlighting delivery of biomass burning pollutants to the
TWP by both nearby and remote convection. Contributions from Africa and Indonesia were nearly 60 %, with
transport timescales of 10d to several weeks. Our study confirms that air in the TTL over the TWP is affected
by emissions from distant fires that can rapidly reach the tropical LS, the principal source region for air entering
the global stratosphere, supporting the view that fires in tropical regions can impact stratospheric composition
and temperature.
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1 Introduction

Emissions of long-lived ozone (Os3)-depleting substances
(ODSs) of anthropogenic origin, such as chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs), have con-
tributed to significant thinning of the stratospheric O3 layer
via chlorine- and bromine-based chemistry (Solomon, 1999;
Fahey et al., 2018, and references therein). Banning the pro-
duction and emission of ODSs has helped reverse strato-
spheric O3 loss, with a current forecast for recovery to 1980
stratospheric O3 levels over the next 4 decades (Fahey et al.,
2018; Amos et al., 2020).

In addition to the longer-lived CFCs and HCFCs, ODSs
include halogenated very short lived substances (VSLSs).
These compounds have atmospheric lifetimes of less than
6 months, which limit their buildup in the atmosphere. Fast
transport via deep overshooting convection could provide a
mechanism for rapid injection of these VSLSs into the strato-
sphere, enhancing the impact on stratospheric O3 (Koenig et
al., 2017; Oram et al., 2017; Wales et al., 2018; Filus et al.,
2020; Tegtmeier et al., 2020; Treadaway et al., 2022). The
impact of halogenated VSLSs on the recovery of the strato-
spheric O3 layer is uncertain and a matter of concern be-
cause their emissions are unregulated and have continued to
increase over time (Hossaini et al., 2017; Oram et al., 2017).

Recent studies have identified another mechanism for ini-
tiating stratospheric O3 loss that could potentially threaten
the recovery of the O3 layer (Bernath et al., 2022; Solomon
et al., 2022, 2023): increasing aerosols from wildfires. These
studies were motivated by recent observations of strato-
spheric injection of smoke from wildfires at various extra-
tropical latitudes (e.g., Torres et al., 2020; Khaykin et al.,
2020). Aerosols induce stratospheric O3 loss, mainly over
polar latitudes, at very cold temperatures, involving con-
densed water vapor (H;O), sulfate aerosols, nitric acid, halo-
gens from ODSs or VSLSs, and solar ultraviolet (UV) ra-
diation. Aerosols from wildfires may contribute to not only
an increase in sulfates, but also an increase in both primary
and secondary organic aerosols that can take up hydrochloric
acid, enabling chlorine activation to occur at warmer tem-
peratures (Solomon et al., 2023). While still requiring halo-
gens, the addition of wildfire aerosols to the stratosphere pro-
vides a new mechanism that could lead to more widespread
stratospheric O3 destruction that is no longer concentrated
over polar latitudes during cold springtime conditions. As
surface temperatures have risen, so have the frequency and
intensity of fire weather throughout the world (Jones et al.,
2022). Therefore, wildfire aerosols and aerosol precursors
injected into the stratosphere could impede the recovery of
stratospheric O3 as CFC concentrations decline.

Direct injection of smoke and biomass burning products
into the lower stratosphere (LS) has previously been reported
in the extratropics (Jost et al., 2004; Cammas et al., 2009;
Hooghiem et al., 2020; Peterson et al., 2021; Katich et al.,
2023). At these higher latitudes, the descending motion of
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the Brewer—Dobson circulation dominates, limiting transport
into the global stratosphere (Holton et al., 1995). In the trop-
ics, products of seasonal biomass burning have frequently
been observed in the upper troposphere (UT), as evidenced
by elevated carbon monoxide (CO) (e.g., aircraft measure-
ments — Ashfold et al., 2015; Anderson et al., 2016; Cus-
sac et al., 2020; Lannuque et al., 2021; satellite observations
— Schoeberl et al., 2006; Huang et al., 2012) and by a dis-
tinct mixture of trace gases and aerosols (Blake et al., 1996;
Maugzerall et al., 1998; Andreae and Merlet, 2001; Gkatzelis
et al., 2024). Although they are persistent features in the UT,
these pollution events have not been reported in the higher-
altitude tropical LS, in part due to limited in situ sampling
capabilities (Duncan et al., 2007; Rossow and Pearl, 2007).

Most air reaches the tropical stratosphere through the trop-
ical tropopause layer (TTL), a region ~ 4.5 km in depth, with
a bottom at ~ 14km (Fueglistaler et al., 2009). The TTL
serves as the transition region from the convectively driven
UT to the radiatively dominated LS. Ascent rates throughout
this transition layer are season dependent, with the fastest
ascent into the tropical LS occurring during boreal win-
ter (Fueglistaler et al., 2004; Park et al., 2010; Bergman et
al., 2012). Reaching the high altitudes of the TTL requires
strong convective lofting, which preferentially occurs over
the longitudes of the deepest convection, namely the tropical
western Pacific (TWP), the Indian Ocean, Africa, and South
America (Alcala and Dessler, 2002; Gettelman et al., 2002a;
Fueglistaler et al., 2004; Bergman et al., 2012; Jensen et al.,
2015). Within these geographical regions, satellite observa-
tions show that the strongest and deepest convection occurs
over the TWP during boreal winter (Gettelman et al., 2002a),
making these longitudes a preferential entry point into the
tropical stratosphere.

The present study examines the Airborne Tropical
TRopopause EXperiment (ATTREX) dataset, which exten-
sively profiled the TTL and the LS over the TWP during bo-
real winter. We investigate multiple trace gases of pollution
origin, which we argue represent the influx of recent biomass
burning products directly into the critical region for transport
into the global stratosphere, the TTL and LS over the TWP.
We complement analysis of the aircraft dataset with satellite
observations and backward trajectories to address three sci-
ence questions. (i) Does pollution from biomass fires reach
and measurably affect the composition of the TTL and LS
over the TWP, the main gateway to the global stratosphere
during boreal winter? (ii) What chemical trace gases are be-
ing brought by this pollution that could impact stratospheric
aerosols and O3? (iii) What are the characteristics of the
transport processes involved (i.e., geographical origin, trans-
port pathways, and transport timescales)?

This paper is structured as follows. Section 2 provides a
description of the aircraft campaign, in situ measurements,
satellite observations, and trajectory calculations. Section 3
characterizes the pollution plumes by exploring locations
within the TTL, chemical composition, spatial and temporal
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context within the satellite record, geographic origin, trans-
port pathways, and transit timescales to the TWP. Section 4
summarizes the conclusions of our study.

2 Methodology

2.1 Aircraft campaign

The ATTREX campaign was one of NASA’s Earth Venture
Suborbital-1 investigations. This 5-year project focused on
studying physical and chemical processes in the TTL, such
as dehydration mechanisms, cloud formation, rates and path-
ways of vertical transport into the stratosphere, and the ef-
fects of tropical waves and deep convection on chemical
composition (Jensen et al., 2017a). A payload consisting of
12 instruments that measured chemical trace gases, cloud
properties, radiative fluxes, and meteorological conditions
was installed on the remotely piloted NASA Global Hawk
aircraft. No aerosol measurements were made during this
campaign. The sampling strategy consisted of long-duration
flights (18 to 24h each) continuously profiling the depth
of the TTL (~ 14-19km, 350-430K, 150-70hPa), reach-
ing higher altitudes as the flight progressed. Measurements
were made during two field deployments in the boreal win-
ters of 2013 and 2014. The 2013 flights were based out
of the Edwards Air Force Base, CA (34.92°N, 117.89° W),
and sampled the TTL over the central and eastern Pacific
in February—March 2013 (ATTREX-2). The 2014 flights
were based out of Guam (13.39°N, 144.66° E) and sampled
the TTL over the western Pacific in February—March 2014
(ATTREX-3). The full ATTREX dataset provides over 280
flight hours and over 300 vertical profiles in the TTL, cover-
ing a wide area of the Pacific Ocean: from 130 to 270°E in
longitude and across the Equator from 12°S to 35° N. This
study focuses on a subset of the ATTREX dataset, namely
the deep tropics, between 12°S and 15°N over the western
Pacific (ATTREX-3). The geographical coverage of all AT-
TREX science flights is shown in Fig. 1.

2.2 Aircraft measurements
2.2.1 HUPCRS

In situ measurements of carbon dioxide (CO,), methane
(CHy), and CO were obtained by the Harvard University Pi-
carro Cavity Ringdown Spectrometer (HUPCRS). The in-
strument was designed and built for autonomous operation
on aircraft sampling in the UT/LS region during the AT-
TREX campaign. It consists of a G2401-m Picarro gas an-
alyzer (Picarro Inc., Santa Clara, CA, USA) repackaged in a
temperature-controlled pressure vessel, a separate calibration
system with two multi-species gas standards, and an external
pump and pressure control assembly designed to allow oper-
ation at a wide range of altitudes. The Picarro analyzer uses
wavelength-scanned cavity ringdown spectroscopy technol-
ogy (Crosson, 2008; Rella et al., 2013; Chen et al., 2013)
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to individually measure and report each trace gas within a
~2.2scycle.

The HUPCRS dataset consists of CO, and CHy4 for
ATTREX-2 and CO,, CHg4, and CO for ATTREX-3. Data are
reported every 10s. Precision during flights was £0.2 parts
per million by volume (ppmv) for CO; and £0.30 parts per
billion by volume (ppbv) for CH4 during ATTREX-2 and
40.02 ppmv for CO,, £0.20 ppbv for CH4, and 2.5 ppbv
for CO during ATTREX-3. See the Supplement Sect. S1 for
a more detailed description of the HUPCRS flight operation,
instrument schematics (Fig. S1 in the Supplement), and in-
flight performance (Figs. S2 and S3).

2.2.2 UCATS

In situ measurements of O3 were obtained by the Un-
manned Aircraft Systems (UAS) Chromatograph for At-
mospheric Trace Species (UCATS) package that contains
a model 205 UV photometer from 2B Technologies (Boul-
der, CO) (Hintsa et al., 2021). The detection technique is
based on direct absorption of 254 nm light, following Beer—
Lambert’s law. The instrument is a dual-beam photometer
that measures the ratio of light intensity between ambient
air (no O3 removed) and ambient air that is scrubbed (O3
removed by manganese-dioxide-coated screens). Scrubbed
and unscrubbed air alternatively passes through each cell as a
solenoid valve switches the flow paths every 2 s. Data are re-
ported every 10 s with a precision of 5-10 ppbv. In ATTREX-
3, UCATS flew two model 205 instruments and reported the
average of the two instruments to improve precision.

2.2.3 GWAS

A wide range of hydrocarbons and halogenated compounds
were measured by the Global Hawk Whole Air Sampler
(GWAS). GWAS consists of a set of stainless-steel canis-
ters filled with ambient air along the flight, with fill times
ranging from 30s at 14 km to 90 s at 19 km. Each canister is
pressurized to ~ 2500-3500 hPa (40-50 psia) and analyzed
in the laboratory, typically within 2 to 3 weeks from collec-
tion time, using a multi-channel GC/MS/FID/ECD system
(Agilent 7890 GC, 5973 MS) (Andrews et al., 2016; Schauf-
fleretal., 1999). A set of 90 canisters was used per flight. Due
to aircraft power limitations, GWAS pumps had to be turned
off during descents, so sample collection took place during
ascents only. GWAS reports numerous compounds, includ-
ing chlorofluorocarbons, hydrochlorofluorocarbons, halocar-
bons, hydrocarbons, and halogenated VSLSs. The present
analysis focuses on GWAS trace gases with a wide range
of atmospheric lifetimes (from a few days to decades) and
source origins (e.g., combustion, industrial emissions, ma-
rine emissions, VSLS production). The trace gases include
ethane (CyHg), ethyne (CoH»), propane (C3Hg), n-butane
(C4Hyp), benzene (CgHg), methyl chloride (CH3Cl), tetra-
chloroethylene (C,Cly), methyl iodide (CH3I), bromoform
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Figure 1. NASA Global Hawk science flights during ATTREX-2 (eastern and central Pacific, February—March 2013) and ATTREX-3
(western Pacific, February—March 2014). Dates are given in the figure as YYYYMMDD.

(CHBr3), dibromomethane (CH;Br;), chloroform (CHCl3),
and dichloromethane (CH;Cl»).

2.2.4 NOAA water

In situ measurements of water vapor and total water were
obtained by the NOAA hygrometer. The instrument is a two-
channel, tunable diode laser absorption spectrometer that uti-
lizes cells that are under constant pressure, temperature, and
flow conditions (Thornberry et al., 2015). One channel mea-
sures water vapor from ambient air, while the other chan-
nel measures total water from a heated forward-facing inlet,
which in the presence of clouds includes ambient water vapor
and additional water evaporated from cloud particles. The
instrument also carries an onboard calibration system that
performs periodic checks on instrument stability and perfor-
mance during flight. Precision during flight was better than
0.17 ppmv (1 s, 1o), and uncertainties were 5 % £0.23 ppmv
for water vapor and 20 % for ice water content.

225 MMS

Ambient physical, geophysical, and thermal parameters
along the flight were measured in situ by the Meteorologi-
cal Measurement System (MMS), including pressure, tem-
perature, and three-dimensional winds, which are calibrated
and corrected for aircraft orientation (Scott et al., 1990).
MMS has an integrated global positioning system (GPS), the
LN100g INS, which provides aircraft GPS altitude, latitude,
and longitude. Data are reported at a rate of 1 Hz and with a
precision of 0.3 hPa for pressure and 0.3 K for temperature.
Potential temperature is calculated from MMS pressure and
temperature.

Identification and characterization of the tropopause are
done using MMS vertical profiles of temperature. We cal-
culate the lapse rate tropopause (LRT) based on the World
Meteorological Organization’s definition of the lowest level
where the lapse rate decreases to 2 Kkm™! or less and re-
mains less than 2Kkm™! in a 2km layer above this level.
We also identify the cold point tropopause (CPT) as the alti-
tude of the minimum temperature within the sampled verti-
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cal profile, provided that measurements below and above this
altitude were obtained. Given the high altitude of the CPT
in the tropics, the flight strategy, and aircraft limitations, the
CPT was not reachable until later in each flight.

2.3 Satellite observations

The Microwave Limb Sounder (MLS) was launched on the
NASA Aura satellite on 15 July 2004. The instrument mea-
sures thermal microwave radiation emitted from the limb of
Earth’s atmosphere, forward along the satellite’s flight direc-
tion. It provides global coverage from 82°N to 82°S with
an Equator crossing time of 13:30 local time. We use the
CO product retrieved from dual bands in the MLS 240 GHz
radiometer (Livesey et al., 2008). We focus on the 100 hPa
level, which has a horizontal resolution of 4.5 km (cross path)
by 450 km (along path) and a vertical resolution of ~ 4.9 km.
We use daily VOO5 L2GP data following the data-screening
procedure described in the version 5.0x data quality docu-
ment. The resulting CO product has a reported accuracy of
£19 ppbv and £30 % and precision of 14 ppbv. We exam-
ine data from the middle of February to the middle of March
(day of year 40 to 70), covering the period between 2010 and
2020.

2.4 Backward trajectories

ATTREX gas-phase in situ data are complemented with
backward-trajectory calculations to investigate the geograph-
ical origin of air and transport characteristics of air in the
TTL over the TWP. The trajectory method used in this study
is described in Pfister et al. (2001), Bergman et al. (2012),
and Jensen et al. (2017b). Trajectories were driven by ERA
Interim temperature and wind fields, with resolutions of 6 h,
~ 1 km in the vertical in the TTL region, and 0.75° in the hor-
izontal, and were advected 40 d backward in time. The trajec-
tories were run on isentropic coordinates using monthly dia-
batic heating rates derived from cloud observations in 2007
(Yang et al., 2010). Single-trajectory calculations in the TTL
can diverge from actual air mass paths within 1 to 2 weeks
(Podglajen et al., 2014; Bergman et al., 2016). Here we use
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an ensemble of trajectories to provide a more robust statisti-
cal analysis, initializing a cluster of 25 parcels centered at the
aircraft location at 2 min intervals along the track. The clus-
ter was set up as a curtain perpendicular to the flight track
with five heights and five trajectories at each height, sepa-
rated from each other within 0.5° in both latitude and lon-
gitude. In this study, we focus on trajectories initialized at
aircraft altitudes only.

Once computed, trajectory temperatures were compared
to 3-hourly geostationary satellite infrared brightness tem-
perature and precipitation fields. Each trajectory was tagged
as convectively influenced when satellite fields coincident in
space and time showed a precipitating cloud top to be at a
higher altitude (lower temperature) than the parcel (Pfister et
al., 2022). Trajectories considered in this study were trun-
cated at the convective encounter closest in time to the flight
date, when parcel and cloud top height comparison criteria
were met.

3 Results and discussion

In this section, we examine the chemical composition and
origin of unexpected plumes encountered over the TWP dur-
ing ATTREX-3. We first examine high-frequency measure-
ments obtained from the HUPCRS and UCATS instruments.
The carbon-based trace gases CO,, CHy, and CO provide
clear evidence of persistent pollution plumes in and above
the TTL over the TWP, characterized by enhancements over
background levels. We further explore the composition of
these plumes by examining lower-frequency data obtained
from the GWAS sample analysis. We then examine the hu-
midity environment in and around these plumes. The large-
scale context of these plumes is explored using spaceborne
data from the MLS instrument. Lastly, we analyze results
from backward-trajectory calculations to elucidate the origin
and transport characteristics of these plumes.

3.1 In situ trace gas distributions in the TTL

Extensive high-resolution vertical sampling of the TTL was
achieved with the NASA Global Hawk aircraft during the
ATTREX campaign. The maximum latitudinal extent was
covered over a 1-week period with four flights, approxi-
mately 24 h long each, in March 2014. Vertical profiles of
CO,, CHy, CO, and O3 between 14 and 18.5 km in the deep
tropics (12°S—15°N) over the western Pacific during these
March flights are shown in Figs. 2 and 3. We use GPS altitude
as the vertical coordinate to evaluate trace gas mixing ratios
and temperature changes over time. Multiple surfaces of rel-
evance are also shown in these two figures: the LRT and CPT
in Figs. 2 and 3 and the 100 hPa isobar and 380 K isentrope
in Fig. 3. These surfaces are derived from in situ measure-
ments of ambient temperature, pressure, and GPS altitude.
They are commonly used in TTL studies to identify and eval-
uate chemical, radiative, and dynamic processes that link the
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tropical UT and LS and directly impact global stratospheric
composition (e.g., Randel and Jensen, 2013; Pan et al., 2018).
Figure 2 focuses on the magnitude of the mixing ratio vari-
ability and the altitude range (minimum and maximum) of
the LRT and CPT over all latitudes analyzed. Figure 3 elu-
cidates the spatial distribution of the mixing ratio variability
seen in Fig. 2 but in the context of latitude-specific altitudes
for all four surfaces mentioned above.

Several notable features stand out in the spatial distribu-
tion of these trace gases, namely (i) large trace gas variability
within the 4 km layer sampled in the TTL and LS, (ii) inter-
hemispheric gradients, and (iii) spatially coherent enhance-
ments in all carbon-based trace gases up to 17 km in altitude.

The observed variability in mixing ratios provide evidence
of the changing dynamic regimes as a function of altitude.
The nearly constant mixing ratios between 14.5 km and the
LRT seen in Fig. 2 are consistent with convection rapidly
lofting air to these altitudes. Above the CPT, the observed
decreases in mixing ratios with increasing altitudes for CHy
and CO are primarily driven by reaction with OH radicals. At
these altitudes and low latitudes, most of the air ascends into
the tropical stratosphere as part of the global-scale Brewer—
Dobson circulation but at rates slower than the chemical re-
action rates, giving rise to the observed profiles. These low-
stratospheric altitudes in the deep tropics can also be influ-
enced by equatorward transport and mixing in of older air.
These processes would contribute to decreases in CH4 and
CO mixing ratios by bringing in chemically processed air
with even lower CH4 and CO. The contribution from these
processes could be evaluated by examining additional trace
gases such as Os. Coincident measurements of O3 show a
steep increase above the CPT, driven by favorable conditions
for fast photochemical production in the TLS. Equatorward
transport of older air would be evident as departures from
tropical mixing ratios, namely increases in O3 and decreases
in CH4 and CO. The ATTREX-3 observations suggest a neg-
ligible contribution from this transport process, certainly at
the altitudes of the pollution plumes of interest where O3
mixing ratios remained below 100 ppbv, a threshold com-
monly used to separate tropospheric air from stratospheric
air in the tropics (Folkins, 2002). For CO,, the variability as
a function of altitude is dominated by a combination of sea-
sonal processes in the biosphere (photosynthesis and respira-
tion), secular increases over time (e.g., Park et al., 2010), and
a contribution from oxidation of CHy at higher altitudes. In
between the LRT and the CPT, various physical and chemical
processes are at play (Pan et al., 2018; Pan et al., 2019).

The interhemispheric gradients observed in Figs. 2 and 3
are mainly driven by emissions at the surface. The carbon-
based trace gases have strong anthropogenic and natural
sources. Emissions of CO, are driven by year-round fos-
sil fuel consumption and seasonal modulations by the bio-
sphere. Emissions of CH4 are driven by natural wetlands,
as well as the oil and gas industry, agricultural activities,
landfills, and combustion. Emissions of CO are driven by
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biomass burning, incomplete combustion, and oxidation of
CHy4 and other hydrocarbons (HCs). For O3, the main driver
is photochemical production from precursor gases, such as
nitrogen oxides and volatile organic compounds, emitted by
anthropogenic activity. These activities vary widely between
hemispheres; therefore, it is not surprising that the surface
air convectively lofted to the TTL reflects such differences.
Multiple measurements (ground based, airborne, and space-
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borne) have documented interhemispheric gradients of these
trace gases at the surface and in the troposphere (Wofsy and
HIPPO Science Team and Cooperating Modellers and Satel-
lite Teams, 2011; Rigby et al., 2017; Newton et al., 2018;
Martinez-Alonso et al., 2020). The ATTREX-3 data shown
in Figs. 2 and 3, however, provide new evidence that these
gradients are carried aloft into the TTL and even into the LS
in the TWP, albeit attenuated in magnitude.
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In addition to interhemispheric differences, distinct depar-
tures from background conditions were observed throughout
the TTL over the TWP. These departures were spatially co-
herent, especially the enhancements in CH4 and CO. They
were observed both below the LRT and into the LS and as far
south as 5° S, as seen in Fig. 3. Unlike the carbon-based trace
gases, O3 mixing ratios in the UT and LS fall within distinct
ranges, as evident in Fig. 2. Below 17 km, the highest O3
mixing ratios sampled, around 150 ppbv, were found within
5° in latitude from the Equator. Figure 3 shows that this el-
evated O3 was associated with stratospheric air, where the
CPT and the 380K isentrope, an isentrope associated with
the lowest boundary for the stratosphere at all latitudes, were
at their lowest GPS altitudes. In the absence of other sources
of air, these stratospheric air masses would have lower CHy4
and CO concentrations than the air at lower altitudes in the
vertical column; however, the ATTREX-3 measurements re-
vealed the opposite. We see the classic C-shaped profile as-
sociated with convective transport of pollution into the UT
at other latitudes, as shown in Fig. 2, but at these equatorial
latitudes we actually observe excess pollutants in the LS.

Figure 4 examines vertical profiles of CO on a flight-by-
flight basis, covering the period between 12 February 2014
and 11 March 2014. Data are color-coded by latitude of
sampling. CO mixing ratios show a maximum above 16 km
in most flights, as well as variability as a function of lat-
itude and time. In February, higher CO was encountered
throughout the TTL closer to the Equator (e.g., 12 February
2014). In March, more homogeneity within each hemisphere
was observed with distinct mixing ratio regimes across the
Equator during the southern survey flight on 9 March 2014.
The largest CO enhancements were encountered during this
flight, with enhancement ratios over lower TTL mixing ratios
of up to 55 % for data between 5 and 15° N and 65 % for data
5° from the Equator. During the 11 March 2014 flight, a dif-
ference of nearly 30 ppbv was evident in the 16-17 km layer
sampled by the aircraft. This difference is driven by longi-
tude of sampling (see Fig. 1), with the higher mixing ratios
encountered on the westernmost leg, suggesting air masses
of different origins being advected by different flow patterns.
Overall, the observation of persistently polluted layers during
the period of aircraft sampling indicates that sources of ele-
vated CO reached the TTL and did so repeatedly. Given our
interest in understanding what enters the LS over the TWP,
our analysis focuses on the 16—17 km layer, where LRT and
CPT surfaces were frequently found.

Guided by similarity in mixing ratios, especially as evi-
denced by CO;, we divide the dataset into three latitude bins
across the Equator. These bins are defined as follows: the
Northern Hemisphere (NH) for data between 5 and 15° N, the
Equator (EQ) for data between 5° S and 5° N, and the South-
ern Hemisphere (SH) for data between 5 and 12° S. Most of
the sampling occurred in the NH, with EQ sampling during
segments in two flights and SH sampling during one flight
only.
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To further investigate the observed trace gas spatial co-
herence, we examine correlations of CO with CO;, CHy,
and O3, as shown in Fig. 5. This figure focuses on data
north of 5°S. Data are color-coded to highlight pollution
plumes found at 16—17 km (red) against the LS background
(blue) and the UT background (gray). The CO-CO; corre-
lation shows distinct branches with medium levels of CO,
(397 ppmv) at the highest CO. Excluding the highest CO
mixing ratios, these two tracers show a strong positive corre-
lation where younger air has higher CO and CO;. This cor-
relation is consistent with the time of the year, where CO; in
the Northern Hemisphere lower troposphere heads towards
peak levels as the biosphere transitions from wintertime res-
piration to summertime photosynthesis. The fact that the air
masses with the highest CO do not have the highest CO; is
an indication of unusual sources, such as continental origin,
a different latitude, and/or combustion origin, all factors that
also contribute to CO, variability. These air masses with the
highest CO and medium levels of CO; have the highest CHy
mixing ratios, an indication of contribution from additional
sources, such as biomass burning, combustion, and the oil
and gas industry. Elevated CO, when accompanied by reac-
tive HC and in the presence of nitrogen oxides, can lead to
O3 formation over time. During ATTREX-3, mixing ratios
of O3 within the CO plume remained very close to back-
ground UT levels (generally below 100 ppbv). This suggests
no significant photochemical production of O3 from the time
of convective lofting to the time of aircraft sampling.

3.2 Pollution plume composition

We examine the chemical composition of pollution plumes
using a more extensive suite of chemical trace gases, col-
lected at both low and high frequencies. We start by defining
pollution as air masses with CO mixing ratios higher than the
80th percentile within each latitude bin. This threshold trans-
lates to 75 ppbv CO for the NH bin, 71 ppbv CO for the EQ
bin, and 63 ppbv CO for the SH bin.

Figure 6 shows vertical profiles of CO, CH4, and HCs
with varying atmospheric lifetimes: biomass burning prod-
ucts, such as C3Hg (2 weeks), CoH, (3 weeks), and CH3Cl
(1.5 years), and urban/industrial emissions, such as C,Cly (4
months), collected in March 2014. Data are grouped into the
three latitude bins defined in Sect. 3.1. The extreme mixing
ratios observed by HUPCRS were not captured in the GWAS
data, as shown in this figure. Pairing of these two instruments
with significantly different response times required averag-
ing HUPCRS data to GWAS sampling times, which were
increasingly longer at higher altitudes, where we observed
peak mixing ratios for multiple trace gases. This pairing also
contributed to a loss of up to 20 % of the data when GWAS
sampling occurred during periodic in-flight calibration times
for HUPCRS. Despite these limitations, there is still clear ev-
idence of the presence of these unexpected pollutants in the
TTL and LS over the TWP, including trace gases with very
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short atmospheric lifetimes such as propane and ethyne, in
both the Northern Hemisphere and the equatorial zone.

The HCs and CH3Cl shown in Fig. 6 are known to be
emitted by biomass burning (Mauzerall et al., 1998; Blake
et al., 1999; Akagi et al., 2011; Santee et al., 2013; An-
dreae, 2019). In all instances where distinct enhancements

Atmos. Chem. Phys., 25, 7543-7562, 2025

over background levels were observed in CO and CHs (NH
and EQ bins), HC and CH3Cl enhancements were also ob-
served. In these air masses, however, C,Cly, a tracer of urban
origin, remained unchanged. This result points to biomass
burning as the source of these pollution plumes, with un-
detectable urban/industrial contributions. The HC data also

https://doi.org/10.5194/acp-25-7543-2025
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confirm that pollution inputs were pervasive for the duration
of the campaign and extended across the Equator, well into
the thermally defined LS.

Next, we quantify the degree of correlation between trace
gases by calculating enhancement ratios. The enhancement
ratio (slope) is determined from a least-squares regression
using the reduced-major-axis method (Hirsch and Gilroy,
1984). In addition to slopes, we calculate the coefficient of
determination (r2) and p values at the 95 % confidence in-
terval to assess the statistical significance of the correlations.
Figure 7 shows correlations of CO against trace gases with a
wide range of atmospheric lifetimes, ranging from days (e.g.,
n-C4Hjp) and months (e.g., CoHpg) to years (e.g., CH3Cl and
CHy). This figure also includes a CHy versus CpHg corre-
lation to investigate the potential contribution from the oil
and gas industry. The data considered are for altitudes be-
low 17 km. The color-coded data are for the southern survey
flight only (9 March 2014), with the NH bin represented by
filled circles and the EQ bin represented by filled diamonds.
The least-squares regression is performed on a single flight
(9 March 2014) with data below 17 km in order to exclude
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flight-to-flight variability in UT background mixing ratios (as
seen in Figs. 4 and 6) and photochemically aged air at higher
altitudes.

All trace gas pairings with CO show strong and positive
correlations in the NH bin. Lower r2 values are observed for
trace gases with lifetimes shorter than 10 d, and all other trace
gases show r2 over 0.9. In all cases, p values are less than
0.05 (0.0129 for n-C4Hjq, 0.0017 for CgHg, and less than
0.00001 for all others), which indicates that the correlations
are statistically significant. Given the limited number of can-
isters in the EQ bin, we do not perform a statistical analysis;
however, we note similar patterns qualitatively, especially for
trace gases with atmospheric lifetimes longer than 10 d. The
magnitudes of the slopes obtained are consistent with pre-
vious aircraft studies of biomass burning, except for correla-
tions of CHy4 with CoHg and CO, where slopes were nearly an
order of magnitude larger during ATTREX-3 (Mauzerall et
al., 1998; Miihle et al., 2002; Gkatzelis et al., 2024). The ob-
served excess CHy suggests influences of additional sources,
such as emissions from the oil and gas industry (Miihle et al.,
2002).

Atmos. Chem. Phys., 25, 7543—-7562, 2025



7552

& M=0.082+/-0.020, r?=0.559

5 M=0.474+/-0.001, r?=0.728

n-C 4H10 (pptv) [1 wk]
CgHg (pptv) [10 dy]

60 70 80

CO (ppbv)

90 100 70 80

CO (ppbv)

90

m=1.319+/-0.126, r’=0.928 m=3.303+/-0.259, r*=0.951

100

CSHs (pptv) [2 wk]
P ()]
o o

C2H2 (pptv) [3 wk]
g

N
o

50 60 70 80

CO (ppbv)

90 100 70 80

CO (ppbv)

90

100

CHscl (pptv) [1.5 yr]

CzHa (pptv) [2 mo]

J. V. Pittman et al.: Aircraft observations of biomass burning pollutants in the lower stratosphere

m=1.683+/-0.170, r?=0.920

620

& All March flights
© NH 20140309
© EQ 20140309

[
o o
(4]

LS
o

P
AZ to Cold Point Tropopause (km)

'
N

50 60 70 80 90 100
CO (ppbv)
g00 M=11:478+/-0.603, r?=0.978 , mM=0.011+/-0.001, r?=0.974
600 g 0.8
N
— 0.6
400 : 3
Qoo g Q
/3/ < 04
T
200 ON 0.2
0 0
50 60 70 80 90 100 1780 1800 1820 1840
CO (ppbv) CH, (ppbv)

Figure 7. Correlations of CO versus various hydrocarbons and CH3Cl, as well as CHy versus CoHg, in the deep tropics over the western
Pacific in March 2014 during ATTREX-3. Data are between 14 and 17 km. The open gray triangles correspond to March flights between 4
March 2014 and 11 March 2014. Color-coded data are for the NH bin (circles) and the EQ bin (diamonds) on 9 March 2014, where the color
corresponds to the altitude relative to the cold point tropopause (CPT) within each latitude bin. The latitude bins are defined as 5-15° N for
the NH bin and 5° S-5° N for the EQ bin. Atmospheric lifetimes for non-methane hydrocarbons and CH3Cl are listed in the square brackets.

We consider a wide range of atmospheric lifetimes to as-
sess an approximate transport timescale based on which set
of trace gases exhibits weaker correlations with CO. Weaker
correlations arise, in part, due to faster chemical loss com-
pared to transport rate. On 9 March 2014, we find correla-
tions to be the weakest for trace gases with atmospheric life-
times shorter than 10d, suggesting that it took at least that
amount of time for the polluted air to reach our region of
sampling. These results are in agreement with previous mea-
surements (Mauzerall et al., 1998; Gkatzelis et al., 2024).

Next, we examine various halogenated VSLSs associated
with the pollution plume. Figure 8 is the same as Fig. 6
but for vertical profiles of CH3I, CHBr3, CH,Brp, CHCI3,
and CH;Cl; along with CO. Chlorine VSLSs are chosen as
markers of anthropogenic emissions from urban or indus-
trial source regions, and bromine and iodine VSLSs reflect
oceanic sources, though significant anthropogenic emissions
of bromine VSLSs in coastal regions have been reported (Jia
et al., 2023). In all cases, we find no changes in these halo-
genated compounds within the pollution plumes compared to
background levels. The only enhancement observed was in
CH3I but not within the pollution plume. On 4 March 2014,
we sampled recent convective air (0.5 to 2d old) in the TTL,
just south of the active typhoon Faxai (Jensen et al., 2017a).
The rapid injection of surface air into the TTL was evident
in the elevated CH3I mixing ratios between 16 and 17 km.

Atmos. Chem. Phys., 25, 7543-7562, 2025

Longer-lived trace gases, such as CO; and CHy, showed mix-
ing ratios that were consistent with those of nearby ground
stations during the time frame of the storm, corroborating
the age of the air (Jensen et al., 2017a). The observed mixing
ratios of the halogenated VSLSs confirm the undetectable in-
fluence of urban sources or oceanic emissions in the polluted
layer of the LS. Furthermore, the low levels of CHBr3 are
consistent with a continental source that is not influenced by
any nearby coastal or oceanic emissions. All these observa-
tions combined indicate that these plumes would not have a
direct effect on global stratospheric O3 via rapid delivery of
halogenated VSLSs to this key region of entry into the global
stratosphere.

In addition to hydrocarbons and halocarbons, we exam-
ine H,O and the thermal environment where the pollution
plumes were encountered. Focusing on the 1617 km layer,
where peak CO mixing ratios were observed, we find the pol-
lution plumes, defined as CO mixing ratios above the 80th
percentile, to be mostly in subsaturated air (76 %) compared
to saturated (8 %) and supersaturated (15 %) air. At these al-
titudes, clouds were encountered 20 % of the time but only
12 % of the time within the pollution plumes. In this analy-
sis, we define clouds as enhanced total water exceeding H,O
by more than 5 ppmv. This threshold allows for an exami-
nation of the more frequently encountered thicker clouds. A
lower threshold for cloud definition of 1 ppmv, for instance,
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Figure 8. Vertical profiles of CO, CH3I, bromine VSLS, and chlorine VSLS in the deep tropics over the western Pacific in March 2014
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only impacts 2 % of the data within the pollution plumes and
has no effect on the overall conclusions. Taking into account
measurement uncertainties and variability in ambient condi-
tions (Rollins et al., 2016; Jensen et al., 2017b), we define
saturation as relative humidity of 98 %—102 % and supersat-
uration as relative humidity above 102 %.

Figure 9 illustrates the H,O and ambient temperature cor-
relation in clear air and in clouds within the context of all
CO mixing ratios sampled in the 16—17 km layer in March
2014. Also included in the figure are lines of constant rela-
tive humidity over ice. In clouds, air masses with the highest
CO mixing ratios remained close to saturation (at or 20 %
above), over a wide range of H,O (1.8—4.4 ppmv) and tem-
perature (185.3-192.5K). In clear air, air masses with the
highest CO mixing ratios were mostly subsaturated, as men-
tioned above. Three distinct regimes in clear air as a func-
tion of H>O, however, stand out: (i) a wide range of tempera-
tures in mostly subsaturated air at the lowest H,O, (ii) a nar-
row range of temperatures in supersaturated air at the high-
est H>O, and (iii) a combination of (i) and (ii). Guided by
the observations, we assign H,O values of 3.5 and 5 ppmv

https://doi.org/10.5194/acp-25-7543-2025

as approximate thresholds for clustering purposes. The first
regime, with H,O below 3.5 ppmv, was encountered over a
wide range of temperatures (187.5-201 K) and CO mixing
ratios (42.8-97.4 ppbv). Most of these low-H»O air masses
were in subsaturated air, an indication that local tempera-
ture conditions were not the drivers of dehydration to the ob-
served levels, consistent with previous studies (Gettelman et
al., 2002b; Fueglistaler et al., 2004; Pan et al., 2019). The
second regime, with H,O above 5ppmv, was encountered
over a narrower range of temperatures (190.6-192.6 K) and
CO mixing ratios (57.2-74.8 ppbv). These air masses were
all in supersaturated air. The third regime, with H,O be-
tween 3.5 and 5 ppmv, was encountered over a wider range of
temperatures (189.4-194.9 K) and CO mixing ratios (52.1-
95.5 ppbv) compared to the second regime. Unlike the other
two regimes, this third regime shows a strong correlation be-
tween relative humidity and CO mixing ratios where pollu-
tion plumes were found in warmer and subsaturated air.

We quantify the relationship between temperature and CO
by examining histograms of ambient temperature in clean
versus the most extremely polluted air masses (90th per-

Atmos. Chem. Phys., 25, 75437562, 2025
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centile CO) in the first and third regimes, as shown in Fig. 10.
At the lower HyO mixing ratios, we find the temperature
range of polluted air to be within the temperature range of
clean air. At higher HyO mixing ratios, however, we find an
average temperature increase of 1.52K in the polluted air.
These air masses, associated with warmer temperatures and
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the highest CO within the 3.5 and 5 ppmv range in H>O, were
not frequently encountered (~ 15 % of the time).

Cloud formation is a key mechanism in the TTL for reg-
ulating water vapor mixing ratios entering the global strato-
sphere (Randel and Jensen, 2013). The ATTREX-3 dataset
provides evidence of pollution plumes primarily residing in
cloud-free air within the TTL, above the level of maximum
convective detrainment (see Fig. S4). Whether an underlying
physical process exists linking biomass burning pollutants
with local warmer temperatures and potential suppression of
cloud formation is a topic of great interest, but it is outside
the scope of this study.

3.3 Satellite observations of CO

In this section, we examine the larger spatial and temporal
context of the pollution plumes observed during ATTREX-
3 using 100hPa MLS CO. We first compare ranges in CO
between MLS at 100Pa and the equivalent aircraft alti-
tudes (~ 80-140 hPa) within the deep tropics (15° S-15°N)
in February—March 2014 (see Fig. S5). We find the range in
CO to be comparable between the aircraft measurements and
the satellite observations (42 standard deviations from the
average) over the longitudes sampled by the aircraft. When
considering all longitudes, MLS observations show the high-
est CO, both on average and in extreme values, to be over
Africa during the time frame of the ATTREX-3 flights.
Next, we examine the satellite record to identify geograph-
ical locations for CO hot spots. During ATTREX-3, we find
the CO hot spots to be over Africa, Indonesia, and the central
Pacific, as shown in Fig. 11. Previous studies have reported
repeated CO hot spots over the same geographical regions
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Figure 11. Satellite observations of CO at 100 hPa obtained by the
Microwave Limb Sounder (MLS) across the deep tropics (15° S—
15°N) in February—March 2014. Data are for CO > 100 ppbv. The
largest mixing ratio of 155 ppbv is found over Indonesia. This single
value is excluded from the color bar to better visualize the range
of the remaining observations. These high CO mixing ratios were
found over tropical Africa, Indonesia, and the western and central
Pacific.

during boreal winter, indicating that these are persistent sea-
sonal sources of elevated CO (Schoeberl et al., 2006; Duncan
et al., 2007; Huang et al., 2012).

Lastly, we can use the satellite record to assess how 2014
compared to other years. We examine extreme CO from MLS
over a 10-year period, 2010 to 2020 (Fig. S6). We define ex-
treme CO as mixing ratios that are larger than 2 standard
deviations above the average. We find 2014 to be at or below
average for extreme CO mixing ratios across the tropics, and
Africa was a dominant CO hot spot during that period.

Comparing in situ aircraft data and spaceborne observa-
tions requires a careful approach, especially when exploring
extreme values. Spatial and temporal coincidences, as well
as favorable environmental conditions for ideal comparisons,
are nearly impossible to achieve. The more sensible approach
is to explore the statistics of the measurements considering
larger areas of measurements. One consideration in this com-
parison approach is the vertical resolution of the datasets. In
situ CO shows the pollution layer to be contained mainly be-
tween 15.5 and 17 km (see Figs. 2—4). The closest altitude
in the MLS retrieval is the 100 hPa level, which comprises
a weighted sampling ~4.9km in depth that extends hun-
dreds of kilometers horizontally. This coarser spatial resolu-
tion makes it challenging to detect extreme events from space
when they occupy only a fraction of the retrieved volume.
A second consideration is the uncertainty of the measure-
ment. Even though the CO range is comparable between the
aircraft and the satellite instruments for data over the TWP,
a Kolmogorov—Smirnov test at the 95 % confidence interval
revealed that the satellite data were not statistically different
from a normal distribution. In contrast, the aircraft data did
not follow a normal distribution (see Fig. S7). These results
imply that the extremely high values in the aircraft measure-
ments are indistinguishable from noise in the spaceborne ob-
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servations obtained in the vicinity (in both space and time)
of the aircraft sampling.

3.4 Convective origin and transport timescales from
backward trajectories

Convection is responsible for lofting surface air to the TTL
(Fueglistaler et al., 2009, and references therein). Results
from convectively influenced backward trajectories for var-
ious ranges of altitudes and CO mixing ratios over multiple
flights are summarized in Fig. 12. Two altitude ranges are
used: (1) TTL and lower TLS (14.5-17 km) and (2) the layer
of peak CO mixing ratios (16—17 km). The geographical re-
gions of convective encounters are defined as follows: Africa
(0-50 and 345-360°E), the Indian Ocean (50-100°E), In-
donesia (100-125° E, north of 10° S), Australia (100-155°E,
10-35°S), the western Pacific (125-180° E), the central Pa-
cific (180-210°E), the eastern Pacific (210-270°E), and
South America (270-330°E). The western and central Pa-
cific oceans are the dominant convective source regions of air
throughout the TTL during ATTREX-3. Above 16 km, where
peak CO mixing ratios were sampled, we find the western
and central Pacific to be the dominant source regions; how-
ever, contributions from convective encounters over conti-
nental regions were also significant. On the flight of 9 March
2014, for example, remote continental source regions showed
comparable contributions to TTL composition over the TWP
as nearby marine source regions. Two such remote regions
are Africa and Indonesia. These results are consistent with
satellite observations showing that a large percentage of deep
convection occurs over tropical Africa and Indonesia during
boreal winter (Alcala and Dessler, 2002; Liu et al., 2020).

In general, the transport timescales were proportional to
the longitudinal separation between areas of convection and
aircraft sampling, as shown in Fig. 12c and d. The shortest
transport timescales were for air masses lofted by marine
convection nearby, a few days prior to sampling. There were
a few instances, however, when the nearby marine convec-
tion occurred 5 weeks prior to aircraft sampling. Air masses
associated with convection over land traveled for longer pe-
riods of times, 10d to 4 weeks, from Africa and Indonesia.
Even though Indonesia is closer to the TWP, air masses lofted
by local convection traveled westward first due to domi-
nant upper-level easterly winds at these low latitudes during
ATTREX-3.

Associating pollution plumes with convective encounters
over the TWP and central Pacific requires additional consid-
erations. The polluted air masses are clearly not of a marine
origin but of a continental origin based on the chemical com-
position revealed by in situ measurements of multiple trace
gases. One possibility is a different advection—convection
transport pattern. If convection lofts air from the surface be-
low, polluted air would first need to be advected from conti-
nental sources to the TWP following a general eastward flow
at lower altitudes prior to convective entrainment and loft-
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and convective encounters, respectively.

ing over the TWP. These various combinations of convec-
tion and long-range advection transport processes have been
identified in previous studies (Jiang et al., 2007; Huang et al.,
2012) and thus cannot be ruled out. Another consideration is
wind uncertainties in operational analyses. The analyses rely
on observations, such as those from radiosonde stations. In
remote regions like the western Pacific, limited observations
exist, which contributes to an increase in meteorological field
uncertainties (Podglajen et al., 2014).

Results from these trajectory calculations in terms of ge-
ographic source regions and transport timescales are con-
sistent with the chemical composition and atmospheric life-
times discussed in Sect. 3.2. Analysis of aircraft measure-
ments collected over nearly a decade revealed not only that
Africa was a persistent source of CO in the UT, but also that
anthropogenic sources and biomass burning contributed the
same order of magnitude to the UT CO budget during boreal
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winter (Lannuque et al., 2021). This finding could explain
the discrepancy between observed CH4 enhancements dur-
ing ATTREX-3 and those expected from a biomass burning
source alone by attributing the difference to other sources of
pollution to the UT, such as the oil and gas industry. During
ATTREX-3 in February and March 2014, strong fire activity
was evident from space over equatorial Africa and Indonesia
(Anderson et al., 2016). Associating the observed elevated
CO, CHy, and various HCs with biomass burning over Africa
and Indonesia is therefore very plausible.

4 Conclusions
In situ and flask measurements of multiple trace gases
revealed frequent, horizontally widespread, and vertically

compact pollution plumes of a continental origin in the trop-
ical tropopause layer and lower stratosphere over the tropical
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western Pacific upwelling region during the boreal winter of
2014. Analysis of the chemical composition of the pollution
plumes using correlations of multiple trace gases, including
CO, CHy, COy, O3, H,O, HCs, and halocarbons, indicated
biomass burning as the dominant source of pollution. A pos-
sible contribution from the oil and gas industry could not
be excluded. No enhancements in halogenated VSLSs were
found in these plumes, suggesting undetectable contributions
from urban areas or oceans (e.g., CHBr3). These pollution
plumes were found primarily in cloud-free regions, as well
as in warmer air masses of equivalent H>O mixing ratios.
Additional data and further analysis would be needed to as-
sess whether an underlying physical process exists linking
biomass burning products with local warmer temperatures
and potential suppression of cloud formation.

Satellite observations of CO from MLS along with
backward-trajectory calculations coupled with satellite ob-
servations of precipitating cloud tops were in agreement with
geographical source regions for these plumes, namely Africa,
Indonesia, and the western and central Pacific. The conti-
nental contribution from Africa and Indonesia was on av-
erage 31 % during the ATTREX-3 March flights, increasing
to nearly 60 % on the 9 March 2014 flight. A 10-year MLS
record showed that Africa is a consistent source region of
TTL CO in the deep tropics during boreal winter and that
2014, the year in which aircraft measurements were analyzed
in this study, was below average for extreme CO mixing ra-
tios across the deep tropics. The high-CO events measured
by the aircraft over the TWP were not detected by MLS.
Possible explanations for the discrepancy include different
volumes of air sampled by each platform, different vertical
resolutions, and instrument sensitivity to sporadic high mix-
ing ratios that are comparable in magnitude to the noise in
the retrieval.

Backward-trajectory calculations also provided transit
times between convective delivery and aircraft sampling in
the TTL and LS over the TWP. Transport timescales from
continental convection ranged between 10d and 4 weeks,
while a wider range of 1 to 5 weeks was associated with
transport from nearby marine convection. These transport
timescales were consistent with atmospheric lifetimes of the
trace gases examined.

Satellite observations and trajectory studies have identi-
fied the TWP as the main region where convectively lofted
air enters the tropical stratosphere, with the fastest ascent
rates through the TTL during boreal winter. This study, con-
ducted over the longitudes and during the time of year men-
tioned earlier, reveals that air sampled in the TTL and LS was
sourced not only from the nearby marine boundary layer, but
also from distant, continental regions across the tropics prior
to convective lofting to the TTL and advection to the TWP.

Stratospheric composition, which has a direct impact on
the recovery of the O3 layer, depends on the composition of
tropospheric air convectively lofted to the TTL. Of particular
concern is the fast convective delivery of halogenated VSLSs
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to the TTL and tropical LS, where their short atmospheric
lifetimes are no longer a limiting factor influencing strato-
spheric O3 concentrations. Rapid delivery of halogenated
VSLSs from Asian emission sources to the TTL over the
TWP during boreal autumn, a season of slower ascent into
the stratosphere, has been reported (Treadaway et al., 2022).
The present study did not find evidence of VSLS transport to
the TWP during boreal winter.

However, this study did find rapid delivery of trace gases
from biomass burning sources, including gas-phase precur-
sors to secondary organic aerosols, such as C¢Hg (Borrds
and Tortajada-Genaro, 2012; Arias et al., 2021). The associ-
ated aerosols have been hypothesized to contribute to strato-
spheric O3 loss (Solomon et al., 2023) via halogen activa-
tion under new thermal and chemical environments. Biomass
burning inputs can also impact the radiative properties of the
TTL by altering concentrations of radiatively active gases,
such as CHy, CO;, and O3 (Gettelman et al., 2004) and
aerosols. The latter can modify scattering and absorption of
shortwave and longwave radiation, as well as influence cloud
formation and life cycles (Fueglistaler et al., 2009; Huynh
and McNeill, 2024, and references therein). An increase in
the intensity and frequency of fire activity in a warming cli-
mate coupled with biomass burning pollutants rapidly reach-
ing the TWP, as shown in this study, could have a signifi-
cant impact on both radiation and chemistry in the TTL and
tropical LS regions and, ultimately, on global stratospheric
composition and climate.

Multiple studies have now shown that a variety of source
regions of pollution can rapidly reach the remote and critical
altitudes of the TTL and LS over the TWP year-round. Accu-
rately forecasting changes in stratospheric composition and
climate hence hinges on continuously monitoring the com-
position of the atmosphere at multiple spatial and temporal
scales.

Data availability. NASA ATTREX aircraft data are avail-
able at the NASA Langley Atmospheric Science Data Center
(https://doi.org/10.5067/ASDC_DAAC/ATTREX/0003,  NASA,
2015a;  https://doi.org/10.5067/AIRCRAFT/ATTREX/CLOUD-
H20-TRACER-RADIATION, NASA, 2015b). NASA Aura MLS
remote sensing data are available at the NASA Goddard Earth
Sciences DISC (https://disc.gsfc.nasa.gov/datacollection/ML2CO _
NRT_005.html, EOS MLS Science Team, 2022). ERA Interim
products are available, following registration, at ECMWF (https:
/Iwww.ecmwf.int/en/forecasts/dataset/ecmwi{-reanalysis-interim,
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