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Abstract

Rapid transport by deep convection is an important mechanism for delivering surface
emissions of reactive halocarbons and other trace species to the tropical tropopause layer
(TTL), a key region of transport to the stratosphere. Recent model studies have indicated
that increased delivery of short-lived halocarbons to the TTL could delay stratospheric
ozone recovery. We report here measurements in the TTL over the western Pacific Ocean
of short-lived halocarbons and other trace gases that were transported eastward after con-
vective lofting over Asia. Back-trajectories indicate the sampled air primarily originated
from the Indian subcontinent. While short-lived organic bromine species show no measur-
able change over background mixing ratios, short-lived chlorinated organic species were
elevated above background mixing ratios (dichloromethane (A48.2 ppt), 1,2-dichloroethane
(A4.21 ppt), and chloroform (A4.85 ppt)), as well as longer-lived halogenated spe-
cies, methyl chloride (A82.0 ppt) and methyl bromide (A1.91 ppt). This transported air
mass thus contributed an excess equivalent effective chlorine burden of 316 ppt, with 119
ppt from short lived chlorinated species, to the TTL. Non-methane hydrocarbons (NMHC)
were elevated 60 - 400% above background mixing ratios. The NMHC measurements were
used to characterize the potential source regions, which are consistent with the convective
influence analysis. The measurements indicate a chemical composition heavily impacted
by biofuel/biomass burning and industrial emissions. This work shows that convection can
loft Asian emissions, including short-lived chlorocarbons, and transport them to the remote
TTL.
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1 Introduction

The chemical composition of the tropical upper troposphere (UT) and tropical tropopause
layer (TTL) is influenced by emissions in the surface boundary layer and subsequent verti-
cal and horizontal transport mechanisms (e.g. Ashfold et al. 2015; Donets et al. 2018; Filus
et al. 2020; Vogel et al. 2019). The reactive trace gases deposited into the TTL can transit
into the lower stratosphere, with potential impacts on ozone and radiative properties (Levine
et al. 2007). Relatively few in-situ measurements of trace gases in the TTL are available to
characterize the magnitude and variability of the chemical composition in this important
region of the atmosphere. This paper addresses one of the transport pathways to the TTL
and quantifies the chemical perturbation associated with this transport. We combine back-
trajectory and convective influence analysis with interpretation of trace gas ratios to iden-
tify the major source region of emissions that were transported to the TTL of the western
Pacific. Of particular relevance is the observed increase in reactive organic halogen species
which are important to the overall halogen loading of the stratosphere.

Anthropogenic emissions of chlorinated very short-lived substances (VSLS), i.e., those
which have tropospheric lifetimes less than 6 months, are rising (Engel et al. 2018; Fang
et al. 2019; Hossaini et al. 2019, 2017; Oram et al. 2017). No similar temporal trend in
brominated VSLS has been observed, as these are primarily from natural marine sources.
Model studies, though, have suggested a small positive trend in Br at the cold point of
0.04+0.015 ppt/decade at 17 km over the Indian Ocean (Tegtmeier et al. 2020). VSLS are
not included in the Montreal Protocol because they are short-lived and play a minor role
in stratospheric ozone destruction compared to CFCs (Engel et al. 2018). Ozone depletion
potential (ODP) describes a compound’s effectiveness to destroy ozone in relation to CFC-
11, a reference compound given an ODP of 1.0 (Solomon and Albritton 1992; Wuebbles
et al. 1983). VSLS ODPs are substantially lower than longer lived compounds and range
from approximately 0.003 to 0.025 (Claxton et al. 2019). Due to the short lifetimes, VSLS
ODPs are dependent on transport time and tropospheric lifetime. As a result, VSLS origi-
nating in the tropics, Indian subcontinent, and southeast Asia have the greatest ODP in the
lower stratosphere as a result of convection which drastically shortens transport time to the
upper troposphere (Brioude et al. 2010; Claxton et al. 2019; Pisso et al. 2010). Orbe et al.
(2015) found that roughly half of the air in the tropical lower stratosphere originated from
the Northern Hemisphere (NH) boundary layer (BL) during NH fall and winter. Annu-
ally, of this NH air, 55-75% is from the subtropical BL (10°N—25°N) and 25-45% from
the Asian continent north of 25°N (Orbe et al. 2015). Considering the significant fraction
of air in the tropical lower stratosphere that originates from Asia, it is important to better
understand the chemical composition and impact of BL emissions that are lofted to the UT.

Nearly 90% of the chlorinated VSLS in the upper TTL (15.5 — 16.5 km) are derived
from anthropogenic sources (Engel et al. 2018). As of the latest assessment, chlorinated
VSLS make up only 3.5% of the total chlorine source gas injected into the stratosphere
(Engel et al. 2018). As Montreal Protocol controlled halocarbons decrease and VSLS
usage increases, the proportion of VSLS in the stratosphere will increase, which could
delay ozone hole recovery time (Fang et al. 2019; Hossaini et al. 2017; Oram et al. 2017).
The three major chlorinated VSLS are dichloromethane (CH,Cl,, tropospheric lifetime
(t)~ 144 days), chloroform (CHCl;, T~ 149 days), and 1,2-dichloroethane (CH,CICH,CI,
T~65 days). Dichloromethane, chloroform, and 1,2-dichloroethane contribute 70%, 18%,
and 9% respectively to the chlorinated VSLS source gas injected into the stratosphere
(Hossaini et al. 2019). Assuming no further growth in emissions, dichloromethane or
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chloroform could delay the ozone hole recovery by 5 and 0.4 years respectively (Fang et al.
2019; Hossaini et al. 2017).

1,2-Dichloroethane is produced as a chemical feedstock, with 80-90% for vinyl chloride
(Oram et al. 2017). It is also a cleaning/degreasing agent and fumigant (EPA 2020; Oram
et al. 2017) and there is a small possible biomass burning source (Simpson et al. 2011).
Dichloromethane uses include paint removal, metal cleaning/degreasing, blowing agent in
foam production, and chemical feedstock for producing hydrofluorocarbons, Montreal Pro-
tocol replacement chemicals (Feng et al. 2018; Hossaini et al. 2017; Montzka et al. 2011).
About half of chloroform originates from anthropogenic sources, primarily HCFC-22 and
fluoropolymers production, though it is also emitted as a by-product in water chlorination
and paper manufacturing (Montzka et al. 2011).

Recent work highlights the significance of convection for transporting Asian emissions,
particularly halocarbons, to the upper troposphere and the growing impact of chlorinated
VSLS on stratospheric ozone (Adcock et al. 2020; Ashfold et al. 2015; Claxton et al. 2019;
Fang et al. 2019; Hossaini et al. 2019, 2017; Oram et al. 2017; Orbe et al. 2015; Pisso
et al. 2010; Umezawa et al. 2014). Here we report measurements of VSLS, methyl halides,
and non-methane hydrocarbons (NMHC) over the Western Pacific during the 2016 NASA
Pacific Oxidants, Sulfur, Ice, Dehydration, and cONvection (POSIDON) mission (https://
espo.nasa.gov/posidon/content/POSIDON_0) that show evidence of rapid vertical trans-
port to the TTL. Back-trajectories and chemical signatures suggest this air was lofted from
the Indian subcontinent 6—10 days prior to sampling on 19 October (Research Flight 5).
Though brominated VSLS contribute to halogen reactivity in the UT and TTL, we focus
here on chlorinated VSLS due to their recent increases in atmospheric abundances, their
observed enhancement over background levels, and the potential impact on stratospheric
ozone as mentioned above. In this case, the transported air masses also contain significant
enhancements of longer-lived halocarbons (CH;Cl and CH;Br) from biomass/biofuel emis-
sions, which further impact ozone chemistry in the TTL and lower stratosphere.

1.1 Sampling and methods

The POSIDON mission was conducted from Guam from 12 - 30 October 2016 using the
NASA WB-57 aircraft. Figure 1 shows the locations of the whole air samples along the
flight track for the 10 research flights (RF). There were 460 whole air samples collected
during POSIDON, approximately 50 per flight. Most flights were oriented along a west-
erly/southwesterly or easterly track. Two flights (RF06 and RF09) went south across the
equator to approximately 2°S. The typical flight pattern included multiple vertical pro-
files between roughly 14 — 18 km. Temperature, pressure, and altitude measurements were
measured by the WB-57 Meteorological Measurement System (MMS).

Whole air sampler (WAS) samples were pressurized to approximately 40-50 psiainto 1.3 L
electropolished stainless steel canisters using a 4-stage metal bellows pump. Sample canisters
were cleaned prior to flight by repeated evacuation to approximately 20 mTorr and flushed
with wet nitrogen. After the final evacuation, 8 torr of water vapor was added to each canis-
ter to passivate the canister interior surface. Typical canister fill times ranged from~30 s at
14 km altitude to 90 s at 19 km altitude. Canisters were set to open in a sequence controlled
by the WB57 “backseater”, with either a ‘fast’ or ‘slow’ interval between canisters that was
decided before flights depending on profile maneuvers. For example, during RFO5 the slow
interval was 350 s between canister open times with an average canister fill time of 58 s.
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The RFO5 fast interval averaged 150 s and was only used during the final descent back to
the Guam airport.

After flights, samples were shipped to the University of Miami and analysis was per-
formed within two to three weeks of collection, e.g. RFO5 was sampled on 19 October and
analyzed on 4-6 November. Sample analysis was performed on a multi-channel GC/MS/
FID/ECD system (Agilent 7890 GC, 5973 MS), which used a Markes Unity system for
sample concentration. Method details are described in Andrews et al. (2016) and Schauffler
et al. (1999). Forty-seven chemical species were measured including halocarbons, hydro-
carbons, and other volatile organic compounds. Uncertainties vary between 2 and 20%
for individual compounds. Standard scales are described in Schauffler et al. (1999) and
Flocke et al. (1999). Standards included in house prepared gravimetric standards as well
as standard mixing ratios calibrated against NIST standards using gas chromatography/
atomic emission detection. Examples of standard comparisons include Hall et al. (2014)
and Andrews et al. (2016), in addition to unpublished comparisons between major labs.

Other trace gas measurements used in this analysis include ozone, carbon monoxide,
and sulfur dioxide. Ozone was measured using a dual-beam UV absorption photometer
(Gao et al. 2012). Carbon monoxide was measured with an in situ GC/ECD system (Wofsy
2011). Sulfur dioxide was measured with laser-induced fluorescence as described by Rollins
et al. (2016, 2018). High frequency data was averaged over the WAS canister fill times.

The diabatic trajectories are calculated using horizontal winds and radiative heating
rates from the 6-hourly ERA-Interim reanalysis data (0.5 deg latitude X 0.5 deg longitude
resolution and 60 vertical levels). Instead of linear interpolation, the ERA-Interim data are
properly interpolated between vertical levels using Fourier analysis to recover the degraded
wave-driven variability in the tropical tropopause layer (Kim and Alexander 2013).

Global, three-hourly fields of convective cloud top height are estimated from geosta-
tionary satellite imagery of brightness temperatures combined with GPM/TRMM rainfall
measurements (Pfister et al. 2010; Ueyama et al. 2015). Briefly, we first search for grid
points exceeding a threshold of 9 mm/hr over land or 1.5 mm/hr over ocean. Minimum
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brightness temperatures within a search distance of 0.25 degrees from the center of the
selected grid cells are then noted. Cloud top altitude is derived from the altitude of the
brightness temperature in the “mixed’ temperature profile that accounts for the mixing of
convectively lofted air with the environment (i.e., calculated by assuming a mixture of 30%
environmental air and 70% air lifted adiabatically from the tropopause). In the final step,
the derived altitude is raised by 1 km to account for the known underestimation of cloud
top altitudes calculated via infrared methods compared to lidar methods (Sherwood et al.
2004). This approach to estimating the impact of convection on the humidity and cirrus
clouds in the TTL has been successfully employed in previous studies (e.g., Schoeberl
et al. 2018; Ueyama et al. 2018, 2015).

Ratios of NMHC were used to characterize the enhanced trace gas measurements and
compared to literature values for source trace gas compositions. For WAS internal consist-
ency, rather than using carbon monoxide as a reference gas (e.g. Baker et al. 2011), we
used the ratio of alkanes to ethyne. For alkanes with longer (shorter) lifetimes than ethyne,
the ratio will increase (decrease) over time as ethyne is oxidized more quickly (slowly)
than the alkane. Because a trace gas source composition will change during transport and
photochemical processing, we use the following simplified relationship to estimate how
the alkane to ethyne ratio above background levels might have evolved to reach observed
values

X X
[ n ] _ [ n ] + e((kekepyne )IOH]?) )
0 t

Xethyne Xethyne

where X, =mixing ratio of the alkane; X, =mixing ratio of ethyne; k=rate constant
with OH radical; [OH]=average number density of OH radical; t=transit time. For our
calculation we used [OH] = 1.46x 10° molecules cm™>, the modeled tropical tropospheric
average calculated in Lelieveld et al. (2016), and rate constants evaluated at 230 K. Rate
constants for ethane, ethyne, propane, and n-butane were 9.00 x 107" cm® molecule™ s7!,
4.58% 1071 cm® molecule™ s7!, 5.98x 10713 cm® molecule™ s™!, and 1.57x 1072 cm®
molecule™ 7!, respectively (Atkinson 2003; Atkinson et al. 1997). The choice of 230 K
to represent upper troposphere air assumes no reaction with OH from the surface to cloud
top, which is reasonable given that the gases are lofted to the upper troposphere via con-
vection much faster than typical lifetimes for the gases examined here. This estimation also
assumes there is no mixing with background air which would reduce the ratios reported
here. Finally, the OH mixing ratio we use for calculations does not factor in the reported
OH minimum in the tropical West Pacific (Rex et al. 2014). The impact of these assump-
tions is discussed in Sect. 2.3.

2 Results and discussion
2.1 Trace gas variations

While the focus here is on the impact of Asian emissions in the TTL, we first briefly
describe the trace gas composition observed during the full POSIDON mission to pro-
vide context for the observations of Asian pollution in the region. The variation of NMHC
and non-marine halocarbons along the POSIDON flight path generally followed a pattern
expected for the NH remote atmosphere with low levels of hydrocarbons and halocarbons
at locations far removed from continental sources (e.g., Simmonds et al. 2006; Yates et al.
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2010; AGAGE database (http://agage.mit.edu/data; Prinn et al. 2018); NOAA Halocarbons
and other Trace Species database (https://www.esrl.noaa.gov/gmd/hats/)).

Figure 2 shows potential temperature vertical profiles for selected trace gases measured
during POSIDON. The TTL, highlighted in yellow in Fig. 2 and Fig. S1, is between 150 hPa
(~355 K) and 70 hPa (~425 K) as defined in Fueglistaler et al. (2009). Throughout the mis-
sion, long-lived trace gases (CFCs, HCFCs) had uniform mixing ratios in the upper tropo-
sphere (Fig. 2d, e). Small decreases in mixing ratio at the top of the vertical profiles were
associated with stratospheric influence in the TTL. These variations were accompanied by
a significant increase in ozone (Fig. 2a). Long-lived trace gases decreased~5 — 15% below
upper troposphere background levels when ozone increased by several hundred ppb.

We identify two main processes that modify trace gas composition during POSIDON:
recent convection and long-range transport of Asian emissions. Consistent with marine
convective transport, trace gases of oceanic origin maximized in the lower altitudes of
the flight profiles corresponding to the main convective outflow. In several flights, mixing
ratios of bromoform, a short-lived marine species, (Fig. 21) were above detection limits
(0.14 ppt) only at the lowest altitudes of the vertical profiles. Short-lived marine emissions
were detected more frequently during the first four research flights compared to later in
the mission. Marine emissions with longer lifetimes, such as dibromomethane (Fig. 2k),
were most abundant at altitudes <14 km though remained detectable at higher altitudes
with monotonically decreasing mixing ratios.

Tegtmeier et al. (2012) reported emission-based estimates for bromoform and dibro-
momethane mixing ratios at 17 km (representative of the cold point) using FLEXPART
and sea-to-air emission fluxes measured during the TransBrom cruise. The TransBrom
R/V Sonne research cruise made a meridional transect (146°E) in the West Pacific Ocean
from Japan to Australia in October 2009 (Kriiger and Quack 2013). We found reasona-
ble agreement with the Tegtmeier et al. estimate for bromoform. Tegtmeier et al. (2012)
reported an average of ~0.23 ppt Br source gas, assuming wet deposition, from bromo-
form and we report 0.15 ppt Br from bromoform (averaged from 17-17.5 km, ~375-380 K
potential temperature). We found higher dibromomethane at 17 km (averaged from
17-17.5 km, ~375-380 K potential temperature, 0.6 ppt Br) than their reported average
(~0.10 ppt Br), though this is within the range reported. Both Tegtmeier et al. (2012)
and POSIDON measurements were lower than the tropical tropopause average (1.28 ppt
Br, 16.5 — 17.5 km, 375-385 K) based on upper atmospheric measurements (Engel et al.
2018). Tegtmeier et al. (2012) measured low CH,Br, flux from the ocean leading to the
lower reported upper atmospheric measurements available at the time. They suggest that
other oceanic regions are more important for dibromomethane stratospheric budget. Simi-
lar analyses of oceanic contribution to brominated VSLS transport to the TTL during the
November time period in the West Pacific was reported in Ashfold et al. (2012). They iden-
tified major potential source regions of marine boundary layer air to the TTL over Borneo
primarily from the equatorial Pacific Ocean, though a small fraction of trajectories were
identified from the northern Bay of Bengal.

The study region was also influenced by a typhoon during the POSIDON mission.
Typhoon Haima developed in the area south and west of Guam, reaching maximum inten-
sity (Category 5) on 19 October coinciding with RF05 (Rollins et al. 2018). The typhoon
lofted marine emissions that were sampled at the westernmost portions of RF04 (18 Octo-
ber) and RF05, which were closest to the influence of Typhoon Haima (Fig. S2). Elevated
bromoform is evident at the western edge of the flight track corresponding to Typhoon
Haima during RFO4 and RF05 (Fig. S3) with evidence of more lofting during RF04.
The lofted bromoform at the eastern edge of the RF04 flight track is from slightly older
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convection (2-3 days before sampling) and not the result of updraft from the typhoon core.
It is possible there was isolated convection in the vicinity as the typhoon was forming.

Despite the nearly identical flight path for RFO4 and RF05 and the proximity of
Typhoon Haima, the RF04 ozone and ethyne profiles were more comparable to the equato-
rial flight RF06 than RF05 (Fig. S4). RFO4 was characteristic of a remote tropical airmass
identified by lower levels of ozone and ethyne (as well as short-lived chlorinated VSLS)
that was influenced by the typhoon. For example, methyl iodide, an oceanic tracer with
a short lifetime (3.5 days), was elevated for RF04 relative to RF05 indicating recent con-
vection. Bromoform was also greater below 15 km for RF04 relative to RFO5 (Figs. S3
and S4). Previous work predicted enhanced methyl iodide and bromoform at the cold point
due to typhoon vertical uplift (Tegtmeier et al. 2013, 2012). During RF04, we observed
elevated methyl iodide and bromoform related to Typhoon Haima in the TTL but below
the cold point. Dibromomethane was similar during all three flights, which we ascribe to a
combination of factors: 1) dibromomethane has relatively less variability compared to bro-
moform in the marine boundary layer (e.g. Brinckmann et al. 2012; Fuhlbriigge et al. 2016;
Liu et al. 2011; Quack et al. 2007) and 2) the longer lifetime of dibromomethane suggests
that it will be better mixed through the atmosphere.

2.2 Long-range transport

A notable exception to the remote atmosphere composition was found during RF05, where
we observed anomalously high levels of many trace gases with primarily anthropogenic/
continental sources (Fig. 2, red markers), and no enhancement of marine derived VSLS.
During RF05, we observed a layer of elevated trace species in the TTL between 14 and
16 km altitude, or approximately 360 — 370 K potential temperature.

RFO5 had much higher mixing ratios for both ozone and ethyne, a combustion tracer,
at 360 K compared to the tropical background. Mixing ratios for long-lived anthropogenic
halogenated species, CFCs and HCFCs, were similar to the rest of the campaign. Nota-
ble exceptions are apparent for anthropogenic, short-lived halogens (Fig. 2f-h) and hydro-
carbons (Fig. 2b, c) as well as methyl chloride and methyl bromide (Fig. 2i and j). The
RFO05 enhancements above background mixing ratios, defined as the 25th percentile after
removing stratospheric samples (Barletta et al. 2009), for a selection of trace gases are pre-
sented in Table 1. Ozone and carbon monoxide were elevated A46.9 ppb and A32.9 ppb
above background mixing ratios. Smaller, but significant, enhancements were found for the
longer-lived gases, including methane (A72.0 ppb), methyl chloride (A82.0 ppt) and methyl
bromide (A1.91 ppt). Given the recent interest in the increasing role of short-lived halocar-
bons on stratospheric ozone (Fang et al. 2019; Hossaini et al. 2017; Oram et al. 2017), the
observed increases in chlorinated VSLS, dichloromethane (A48.2 ppt), 1,2-dichloroethane
(A4.21 ppt), and chloroform (A4.85 ppt), are particularly significant.

Rollins et al. (2018) noted enhancements of SO, (40-70 ppt) during RF04 associated
with Typhoon Haima but similar magnitude mixing ratios were not measured during the
RFO05 sortie near Haima outflow. Still, the trend and variation in SO, during RFO5 between
360 and 370 K closely followed the patterns for NMHC (Fig. S5) suggesting a measurable
anthropogenic contribution to the observed SO, during RF05. The main sources of SO,
include coal/fuel combustion, volcanoes, and marine sources (Rollins et al. 2018 and refer-
ences therein).
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Table1 RFO5 trace gas average enhancements above background mixing ratios measured between
14-16 km. Background is defined as the 25" percentile after removing stratospheric samples. Mixing ratio
is ppt unless indicated otherwise

Chemical Species Background Plume Average A Mixing Ratio Above % Increase
Mixing Ratio Mixing Ratio Background Above
Background

Ozone (ppb) 16.9 63.8 46.9 277
Methane (ppb) 1832 1904 72.0 3.93
Ethane 281 489 208 74.0
Ethyne 30.8 105 74.2 241
Propane 11.6 60.3 48.7 420
n-butane 1.85 7.38 5.53 299
Methyl Chloride 542 624 82.0 15.1
Methyl Bromide 6.67 8.58 1.91 28.6
Dichloromethane 41.6 89.8 48.2 115
Chloroform 7.85 12.7 4.85 61.8
Dichloroethane 6.99 11.2 4.21 60.2

Figure 3 shows the back-trajectory analysis for the WAS samples with elevated
NMHC and halocarbon mixing ratios between 14—16 km with one trajectory per can-
ister sample location. The trajectories shown in the figure stop at the most recent point
of convective influence (Fig. 3, circles). Most trajectories originated over the Bay of
Bengal and the Indian subcontinent approximately 6—8 days before sampling. Consistent
with the convective influence analysis, satellite images (Fig. S6) confirm that this region
was convectively active during this period. For this season, it is likely the air lofted
over the bay originated from the Indian subcontinent. Mallik et al. (2014) reported post-
monsoonal winds travel across the Indo-Gangetic Plain (IGP) out to the Bay of Bengal.
Sahu et al. (2006) sampled elevated alkane mixing ratios during a cruise in the Bay of
Bengal in September and October 2002 and reported air originated from Chennai and
Sri Lanka. A small fraction of sampled air masses originated in the South China Sea
approximately 10-12 days before sampling (Fig. 3, gray lines) and passed over the Bay
of Bengal. Based on back-trajectories, the air masses likely mixed since traveled a simi-
lar path and altitude range as the Bay of Bengal air mass (Fig. S7, dashed lines). Fur-
ther, there is no clear chemical distinction in halocarbons or hydrocarbons (all within
1o) between these South China Sea and India/Bay of Bengal samples. The sampled
continental plume is treated as originating from the Bay of Bengal and Indian subcon-
tinent though there was likely mixing with East Asian air as seen in the chemical char-
acterization discussed below. Oceanic VSLS emissions would also be entrained during
convection over the Bay of Bengal. Fiehn et al. (2018) model the seasonal entrainment
of oceanic emissions to the stratosphere and demonstrate the seasonality of transport
and emissions as major factors regulating the delivery of marine emissions to the TTL.
Major entrainment over the Indian Ocean was found to occur in the JJA summer period,
with lesser contribution during the autumn. The lack of enhanced brominated VSLS
observed during POSIDON RF05 suggests that ocean emissions were not exceptional
at the location and time of the convection. Further, Tegtmeier et al. (2020) discuss the
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are for RFO5 on 19 October and gray circles are the whole air samples for the other nine flights. Ozone
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scale

complexities and uncertainties associated with understanding air-sea coupling in the
Indian Ocean region.

2.3 Chemical source characterization

By using tracer correlations and ratios, we should be able to relate the relative chemical
composition of the enhanced trace gas layer to different source types, including urban, bio-
mass, and biofuel emissions and potentially to different regions of Asia. (e.g., Baker et al.
2011; Barletta et al. 2009; de Gouw et al. 2001; Mano & Andreae 1994; Santee et al. 2013;
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Simpson et al. 2011; Umezawa et al. 2014). However, we are limited by the lack of sea-
sonally resolved Asian measurements of both NMHC and halocarbons in these different
source environments. The NMHC database is more extensive than for halocarbons in the
region, thus we use NMHC ratios to discuss potential airmass origin, but we also compare
our halocarbon measurements to recent and relevant literature results.

The NMHC ratios for POSIDON RF05 WAS samples were age-corrected (Eq. 1) for
6, 8, and 10-day processing, which should account for convective transport time. The age-
corrected ratios should reflect the source composition at the beginning of the trajectory
either 6, 8, or 10 days prior to sampling. Table 2 includes NMHC values from literature
reports from India or China that are within one standard deviation of the age-corrected
POSIDON samples. Table S1 includes all literature values the POSIDON plume was eval-
uated against. The closest match for ethane and propane ratios were measurements from
the IGP and the Himalayas. The remaining sites with near matches to the flight data had
ethane/ethyne and propane/ethyne ratios within one standard deviation of the POSIDON
age-corrected ratios. These include rural sites in China, Asian monsoon outflow measure-
ments near India, and biofuel emissions.

NMHC measurements from rural China reported in Tang et al. (2009) were the only lit-
erature samples within one standard deviation for all three ratios. The Yangtze River Delta
rural site in Tang et al. (2009) best matched POSIDON measurements and is considered a
background site in China. However, it is influenced by urban and industrial emissions from
distant cities, such as Shanghai (210 km from the site), as well as local (2-10 km from the
site) urban emissions (Tang et al. 2009). It is also impacted by the less populated moun-
tainous regions thus it is a mixed rural site. Other work from this site attributed 71% of
VOCs sampled to a mixture of vehicle emissions and biofuel (Guo et al. 2004). While the
closest match for all three ratios was from a Chinese site, the chemical characterization of
the area may be more generally indicative of rural and developing areas in Asia.

RF05 age-corrected n-butane/ethyne ratios were lower than the remaining litera-
ture reported in Table 2. The estimated atmospheric lifetime for n-butane at 230 K and
[OH]=1.46 x 10° molecules cm™ is 5 days which is less than the travel time determined
by back-trajectories. There could have been a substantial loss of n-butane which would
impact the ratios resulting in the underprediction reported here. Other caveats to consider
for this analysis are that this assumes there is no mixing or chemical reaction besides reac-
tion with OH, and our source ratios may be younger than what was transported as there is
no emission change accounted for from the surface until the upper troposphere (230 K).

Another impact on the calculation to consider is the tropical West Pacific OH minimum
(125°E to 140°E, Rex et al. (2014)). The peak of the reported minimum is centered over
the equator and reaches up to~10°N, near the RF0O5 flight track, in the same season as
POSIDON. However, in-situ ozone measurements during POSIDON did not encounter the
zero ozone levels reported from the ozonesonde measurements of Rex et al. (2014), which
lead to the modeled “OH hole”. Even so, we estimated NHMC ratios with the modeled
OH minimum (0.7 x 10® molecules cm™) (Rex et al. 2014). While the ratios do change
with the ethane/ethyne ratio increasing and the propane and n-butane ratios decreasing, it is
still within one standard deviation of the reported results in Table 2 even with the unlikely
assumption of being within an OH minimum for the entire transport time (6—8 days). Thus,
any encounter of the Asian Plume with an OH minimum region would not alter our conclu-
sions regarding NMHC ratios.

Elevated levels of ethyne plus C2 — C4 alkanes and halocarbons such as dichlorometh-
ane, 1,2-dichloroethane, chloroform, and methyl halides suggest a mixture of indus-
trial and biomass burning/biofuel emissions (Fig. 4). All linear correlations presented
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Fig. 3 Back-trajectories for the
RFO05 enhanced layer sampled
between 14-16 km. Circles rep- 40 -
resent the back-trajectory convec-
tive endpoints for RFOS5 samples
colored by time since convection

at the time of sampling. Back- 30
trajectories are presented only
for the elevated WAS samples 2
though there are back-trajectories < 20+
available for each circle endpoint %
shown. Circles are sized by 2
ethyne (ppt) mixing ratios. The '(“_3' 10+
RFO5 flight track is in green — L
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are statistically significant (x=0.05) except for HCFC-22 with chloroform (Fig. 41). The
HCFC-22 and chloroform correlation improves (r>=0.35) and is statistically significant
with the removal of a high CHCI; (12.92 ppt) and low HCFC-22 (238.4 ppt) point though
this point is not statistically an outlier. Elevated methyl chloride (A82.0 ppt) and methyl
bromide (A1.91 ppt) indicate contributions from biomass and/or biofuel burning (Butler
2000; Man6 and Andreae 1994; Rudolph et al. 1995; Santee et al. 2013; Scheeren et al.
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Fig.4 Orthogonal Distance Regression (ODR) plots for ethyne with hydrocarbons and halocarbons (a-h) as
well as between select halocarbons for the elevated plume encountered during RFO5 (i-1). The squared Pear-
son correlation coefficient (r*) and ODR slope (m) are included
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2002; Simpson et al. 2011; Umezawa et al. 2014; Warwick et al. 2006), supported by the
relationship with ethyne (Fig. 4e, r>=0.68 and d, r>=0.86 respectively). Satellite imagery
indicates fires on the IGP during this period (red dots, Fig. S6). Lai et al. (2010) reported
similar enhancements for both methyl chloride (A75.5 ppt) and methyl bromide (A1.8
ppt) from CARIBIC flights impacted by biomass and/or biofuel burning. The CARIBIC
airmasses originated from the Indochinese Peninsula and ~54-92% of CO enhancements
were linked to biomass and/or biofuel burning (Lai et al. 2010).

1,2-Dichloroethane (11.2 ppt in the plume) was correlated with chloroform (Fig. 4i,
?=0.64) and dichloromethane (Fig. 4j, r*=0.46), though the correlations were weaker
than between dichloromethane and chloroform (Fig. 4k, ?=0.89). The moderate cor-
relations could result from the mixture of air masses from different regions or reflect a
1,2-dichloroethane source unrelated to the other two VSLS. To our knowledge, there are no
reported measurements of 1,2-dichloroethane from India but there are two reported data-
sets from Nepal (Adcock et al. 2020; Islam et al. 2020) and multiple studies have reported
measurements in China (Barletta et al. 2009; Oram et al. 2017; Xue et al. 2011). Islam
et al. (2020) sampled near the center of Kathmandu Valley in April 2015 and reported
1,2-dichloroethane averaged 35.4+23.4 ppt. Adcock et al. (2020) sampled in the upper
troposphere and lower stratosphere during the Asian Summer Monsoon over the Indian
subcontinent and collected surface measurements at Kathmandu. Adcock et al. (2020)
report approximately 10-20 ppt in the tropopause region (6=355-375 K) and surface
measurements ranged from 10-40 ppt. The POSIDON plume measurements were lower
than the Nepal surface mixing ratios and at the low end, but within the range, of Adcock
et al. (2020) tropopause measurements. RFO5 plume was comparable to Oram et al. (2017)
aircraft measurements of 8—12 ppt from 10-12 km over the Bay of Bengal.

Chloroform (12.7 ppt in the plume) was strongly correlated with ethyne (Fig. 4f,
?=0.92) suggesting co-location with combustion/industrial sources. Islam et al. (2020)
reported an average of 27.6+9.03 ppt at surface sites in Nepal. Adcock et al. (2020)
reported ~ 20 ppt in the tropopause region near India. Our POSIDON chloroform results are
lower than reported by Adcock et al. (2020) and Islam et al. (2020). However, Oram et al.
(2017) reported an average of 7.0 ppt chloroform for flights between Germany and Thai-
land (10 — 12 km sampling range) with a maximum of 15.6 ppt which is similar to reported
here. Approximately 50% of chloroform sources are industrial/anthropogenic (Engel et al.
2018) and the majority (99%) of industrial chloroform produced is for HCFC-22 manu-
facturing (Say et al. 2019). There was only a weak linear (Fig. 41, ?=0.19) correlation
observed between chloroform and HCFC-22 during RF05 that was not statistically signifi-
cant (p>0.05). Given the different photochemical lifetimes of the two trace gases, a non-
linear correlation in the TTL is expected. For the observed plume during POSIDON, the
poor linear correlation results from the relatively small enhancement of HCFC-22 (~2.5%)
compared to chloroform (60%), and an estimated precision of the HCFC-22 measurement
of approximately 1 — 2%. However, the POSIDON HCFC-22 and chloroform correlation
is consistent with the larger range of data that were reported in Adcock et al. (2020) for
the StratoClim mission adjacent and within the Asian Summer Monsoon. Say et al. (2019)
sampled air in the lower troposphere over the Indian subcontinent and data indicate that the
HCFC-22 correlation is different over different regions. Sampled areas in West and North-
west India tend to show large, correlated enhancements. The measurements from North-
east India, though, had relatively a larger enhancement of chloroform relative to HCFC-22,
which is more consistent with the observations during POSIDON.

Dichloromethane (A48.2 ppt) was strongly correlated with ethyne (Fig. 4g, *=0.81).
Industrial sources dominate dichloromethane production (Cox et al. 2003; Fang et al. 2019;
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Hossaini et al. 2017; Trudinger et al. 2004). Recent studies find dichloromethane mix-
ing ratios similar to our POSIDON plume (~90 ppt). Oram et al. (2017) reported higher
dichloromethane measurements over the Bay of Bengal (~70-110 ppt) sampled from
10-12 km. Adcock et al. (2020) found dichloromethane ranged from 65-136 ppt in the
tropopause region. Back-trajectories with elevated dichloromethane (> 120 ppt) originated
in China and along the northwestern portion of the Tibetan Plateau (Adcock et al. 2020).
Further, the highest mixing ratios of dichloromethane measured by Say et al. (2019) were
in eastern India, near our suggested source region. Islam et al. (2020) reported 103 +47.3
ppt at a surface site in Kathmandu. Dichloromethane and chloroform were strongly cor-
related (Fig. 4k, r>=0.89) indicating significant source co-location as found by Say et al.
(2019) (r=0.71).

The POSIDON measurements fit into the greater story of chlorinated VSLS meas-
urements in Asia, in particular the Indian subcontinent. Ashford et al. (2015) estimated
that transport from the East Asian boundary layer to the tropical upper troposphere could
occur in less than 10 days which Oram et al. (2017) supported with aircraft data collected
between 10 and 12 km. We show here that these VSLS can be transported to the TTL
within 10 days during the transitional period between the summer and winter monsoons.

Air masses in the TTL are expected to be transported to the stratosphere. Chlorinated
VSLS still represent a small portion of chlorine in the stratosphere but if emissions con-
tinue to rise (e.g. Feng et al. 2018), the stratospheric impact will increase. Engel et al.
(2018) estimated 109 ppt Cl in the level of zero radiative heating (LZRH, 355-365 K) from
dichloromethane, chloroform, and 1,2-dichloroethane using aircraft data from campaigns in
the western Pacific Ocean in 2013 and 2014. LZRH is the region that above that transport
to the stratosphere is assumed and a similar potential temperature range as reported here.
DuringPOSIDONREFO05, thetransportofdichloromethane,chloroform,and 1,2-dichloroethane
to the western Pacific Ocean TTL potentially added an additional 119 ppt VSL Cl
source gas injection into the lower stratosphere, assuming all would be transported to the
cold point. The altitude of the Asian Plume event observed during POSIDON was well
below the cold point, and elevated mixing ratios of VSLS had decreased to background
levels at the cold point tropopause. At temperatures encountered in the TTL, photochemi-
cal lifetime of these chlorinated VSLS are quite long, ranging from about 270 — 500 days,
so one would predict little degradation over the transit time through the TTL. Thus, while
this event was not directly transported to the lower stratosphere, the elevated chlorinated
VSL could eventually be transported to the lower stratosphere and contribute to the tem-
poral increase observed for chlorinated VSL at 17 km. For example, we note that dichlo-
romethane at the cold point was approximately 47 ppt during POSIDON, which compares
to 32.5 ppt reported in Engel et al. (2018). If we also consider the enhanced methyl halides,
then the POSIDON plume represents an additional 197 ppt of equivalent effective chlo-
rine from longer lived halocarbons. Thus, the POSIDON plume transported to the remote
TTL over the Western Pacific contains an additional 316 ppt of equivalent chlorine which may
enter the lower stratosphere.

3 Conclusion
We present measurements of elevated halocarbon and NMHC mixing ratios sampled in

the TTL over the western Pacific Ocean indicative of a continental source with influence
from industrial emissions and biofuel/biomass burning. Based on chemical signature and
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back-trajectories this air originated from a developing region of Asia, likely India. Particu-
larly important are the elevated chlorinated VSLS measurements relative to the tropical
TTL background. This suggests a wide distribution far from sources despite their short life-
time. This is important since the TTL is a major pathway for stratospheric input. The Asian
plume reported here had the potential to add an additional 316 ppt equivalent effective
chlorine, with 119 ppt from chlorinated VSLS, into the lower stratosphere. This supports
recent model work highlighting that as VSLS emissions rise, they have the potential to
delay ozone hole recovery time if transported into the lower stratosphere which is possible
from the tropical upper troposphere via large-scale ascent.

Supplementary information The online version contains supplementary material available at https://doi.
0rg/10.1007/s10874-022-09430-7.
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