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CLOUD FORMATION

Stratospheric air intrusions promote global-scale

new particle formation

Jiaoshi Zhang', Xianda Gong', Ewan Croshie?3, Glenn Diskin?, Karl Froyd*®, Samuel Hall®,
Agnieszka Kupc*®”, Richard Moore?, Jeff Peischl*®, Andrew Rollins®, Joshua Schwarz®,
Michael Shook?, Chelsea Thompson®®, Kirk Ullmann®, Christina Williamson®52°, Armin Wisthaler'®,

Lu Xu®, Luke Ziemba?, Charles A. Brock®, Jian Wang'*

New particle formation in the free troposphere is a major source of cloud condensation nuclei globally. The
prevailing view is that in the free troposphere, new particles are formed predominantly in convective cloud
outflows. We present another mechanism using global observations. We find that during stratospheric air
intrusion events, the mixing of descending ozone-rich stratospheric air with more moist free tropospheric
background results in elevated hydroxyl radical (OH) concentrations. Such mixing is most prevalent near the
tropopause where the sulfur dioxide (SO,) mixing ratios are high. The combination of elevated SO, and OH
levels leads to enhanced sulfuric acid concentrations, promoting particle formation. Such new particle
formation occurs frequently and over large geographic regions, representing an important particle source in the

midlatitude free troposphere.

ew particle formation (NPF), a process

involving vapor nucleation and subse-

quent formation of new particles, is a

global-scale phenomenon in the free

troposphere (7, 2). In remote regions, new
particles formed in the free troposphere often
represent the dominant source of cloud con-
densation nuclei (CCN) in the boundary layer
(2-4), thereby having a major influence on the
properties of clouds and the radiative balance
of the climate system. NPF has been frequently
observed in the vicinity of convective clouds
(5-9). The prevailing view is that in the remote
free troposphere, new particles are formed pre-
dominantly in cloud outflow regions because
convective clouds loft precursors (e.g., dimethyl
sulfide) from the boundary layer and remove
most of the preexisting particles that would
otherwise compete with NPF as sinks for con-
densable vapors (2, 7-11). However, several
studies suggest that the frequently observed
nucleation mode particles in the upper tro-
posphere (UT) are unlikely to be fully explained
by NPF associated with convective clouds
(12, 13). Newly formed particles have also been
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observed near the tropopause (14-18), a notable
fraction of which are in mixtures of tropo-
spheric and stratospheric air (14, 15). Theoret-
ical studies and box model simulations suggest
that the NPF near the tropopause is due to
the strong supersaturation created follow-
ing the mixing of air masses with different
relative humidities and temperatures (i.e.,
stratospheric and tropospheric air) (13-16, 19).
This supersaturation results from the curva-
ture of temperature-dependent saturation vapor
pressures of sulfuric acid (H,SO,) and water (15).

‘We present observational evidence of another
NPF mechanism in the UT, using global air-
borne measurements [supplementary materials
(SM) section M1] during NASA’s North Atlantic
Aerosols and Marine Ecosystems Study (NAAMES)
(20) and Atmospheric Tomography (ATom) mis-
sions (21). We find that during stratospheric air
intrusion events (SAI) (i.e., dynamic descent of
stratospheric air into the troposphere), the
mixing of descending stratospheric air and
background tropospheric air leads to enhanced
H,SO, concentration and subsequent NPF.
Because of the prevalence of SAI events, such
NPF occurs frequently and over large geographic
regions and likely represents an important
source of particles in the free troposphere and
by extension CCN in the remote marine bound-
ary layer.

Particle formation in SAl-impacted
air masses in the UT

A representative example of NPF in air masses
influenced by SAI is shown in Fig. 1. Newly
formed particles were observed at an altitude
of ~7 km over the midlatitude North Atlantic
on 4 September 2017 during NAAMES-3 under
the conditions of elevated ozone (O3) mixing
ratios [>90 parts per billion (ppb)] and low
relative humidity [(RH) <5%] and carbon monox-
ide (CO) mixing ratios (~100 ppb). The presence
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elevated concentration ratio of particles ...
diameters larger than 3 nm to those larger
than 10 nm (V.3,m/N-10nm, Fig. 1B). In addi-
tion, the number fraction of particles that are
volatile at 350°C is close to 100%, consistent
with the volatile nature of recently formed
particles in the atmosphere (22).

Elevated O3 mixing ratios, low CO mixing
ratios, and low RH in the free troposphere
indicate influences by SAI (23-25), which is driv-
en by downwelling at the extratropical tropo-
pause (26). The SAI event is evident from the
tongues of air (i.e., tropopause folds) pene-
trating the tropopause down to altitudes of
~5km and lower (23, 27, 28) (Fig. 1E), which
lead to strong influxes of stratospheric air
with high O3 mixing ratio and low RH and CO
mixing ratios (29) (Fig. 1C). The newly formed
particles coincide with elevated hydroxyl radi-
cal (OH) concentrations (Fig. 1B), which likely
results from the mixing of descending strato-
spheric Os-rich air with more moist tropo-
spheric air (30, 31). In addition, the air masses
with elevated N.s,m/N-1onm had been travelling
at altitudes of ~10 km before descending to
~7 km, indicating that they had not been in
recent contact with air from the lower tro-
posphere or associated with any recent con-
vective activities (32, 33) (Fig. 1D). This evidence
indicates that the mechanism of the NPF
observed in the SAI-impacted air masses is
different from the conventional one associated
with outflow of convective clouds (2, 7-1I).

To differentiate NPF types, we used O; and
water vapor (H,0O) mixing ratios as air mass
tracers (34, 35). NPF events were identified
based on the condition N.3,m/Noionm > 1.3
(36) (SM section M2) observed in the North-
ern Hemisphere (NH) midlatitude UT [20 to
60°N, 200 to 500 hectopascal (hPa)] (Fig. 2A).
There are two different types of NPF events in
the UT during NAAMES-3: One type is associated
with elevated H,O mixing ratios [> ~10° parts per
million (ppm); Fig. 2B] in the vicinity of con-
vective clouds (confirmed by videos recorded
onboard the aircraft), consistent with the con-
ventional picture that new particles are prefer-
entially formed in the outflow of convective
clouds (8, 10). The relatively low O mixing ratio
during these NPF events also confirms the
influence of air masses convectively trans-
ported from the lower free troposphere or the
remote marine boundary layer (fig. S1) (37, 38).
In the second type, a large fraction of NPF
events were observed in air masses with ele-
vated O3 (> ~70 ppb) but relatively low H,O
and RH levels, as shown in the example above
(Fig. 1). These two types of NPF were also
observed during the ATom-1 deployment over
large geographic regions, specifically in the UT
over the Northern Pacific and Atlantic oceans
(Fig. 2C). Among the 57 NPF events over the
Northern Pacific and Atlantic oceans during
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Fig. 1. Measurements onboard the C-130 aircraft in the upper troposphere
(UT) impacted by stratospheric air intrusion on 4 September 2017.

(A) Time series of number concentrations of particles larger than 3 nm (Nszpm)
and particles larger than 10 nm (Ns10nm), @ambient temperature (T,mp), and flight
altitude. (B) Time series of the concentration ratio of particles larger than 3 nm to
particles larger than 10 nm (Ns3nm/Ns10nm), total particle surface area concentration
(Stot), and MERRA-2 GMI reanalysis hydroxyl radical (OH) mixing ratio. (C) Time
series of measured carbon monoxide (CO) mixing ratio, relative humidity (RH),
number fraction of particles volatile at 350°C, and MERRA-2 reanalysis ozone (O3)

ATom-1, 20 events were observed under in-
creased O3 (70 to 100 ppb) with enhanced OH
mixing ratios [~0.77 part per trillion (ppt) on
average]. Because air masses influenced by con-
tinental or biomass burning emissions are ex-
cluded from this analysis (SM section M1), the
elevated Oj is attributed to injection of strato-
sphere air (39) instead of photochemical pro-
duction or lightning in the UT (34) (SM section
S1 and fig. S2). The enhanced OH mixing ratio
was observed preferentially in the air mass with
moderately elevated O5 instead of less-diluted
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stratospheric air with a much higher O3 mix-
ing ratio (Fig. 2D). This is consistent with pre-
vious model studies showing that the mixing
of Os-rich stratospheric air and more moist
tropospheric air leads to enhanced OH abun-
dance and thus higher oxidation capacity in
the UT (30, 31). We note that some of the air
masses with elevated O3 also exhibit high H,O
mixing ratios. This is because tropopause folds
with deep vertical extent may occur in the vi-
cinity of convective systems (40, 41). Although
stratospheric air is dry, the descending strato-

mixing ratio. Periods of NPF events (i.e., N>3nm/Ns10nm > 1.3) are highlighted
using shading and in-cloud aerosol measurements are excluded (SM section ML1).
(D) Flight track of the C-130 aircraft (black line), longitudinal aircraft location
during the period of NPF events (red line), and three-day backward air mass
trajectories originating from the flight track during the NPF event period (UTC
15:29-15:38) colored by altitude. (E) Latitude-altitude cross section of O3 mixing
ratios from MERRA-2 reanalysis data during the NPF event period. The dashed
line shows the mean air mass trajectory three days prior to arrival at the
aircraft location (blue circle) during the period of NPF events.

spheric air can mix with moist air convective-
ly lofted from the lower troposphere, leading
to relatively high H,0O mixing ratios in some
cases (42, 43).

Mechanism of NPF in SAl-impacted air masses

The vast majority of NPF with elevated Os
levels was observed in the midlatitude UT. To
further investigate potential mechanisms of the
NPF in SAl-impacted air masses (hereafter SAI-
NPF) and to statistically compare the character-
istics of different NPF types, we identified
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Fig. 2. Aircraft measurements of different new particle formation types

in the UT over northern midlatitude oceans. (A)

ATom-1 (July to August 2016) and NAAMES-3 (August to September 2017)
deployments covering the midlatitude (i.e., 20 to 60° N, between the two green
dashed lines) remote marine atmosphere over the northern Pacific and Atlantic
oceans. (B and C) Ozone (03) mixing ratio versus water vapor (H,0) mixing ratio
(gray points) for all measurements in the UT (200 to 500 hPa) during NAAMES-3

(B) and over the northern Pacific and Atlantic Ocea

air masses influenced by SAI or convective
cloud outflow (COF) in midlatitude UT based
on the combination of O3 and H,O mixing
ratios (SM section M3). Air masses with mini-
mum influences from SAI and COF were
classified as background-free troposphere
(bgFT). All air masses and related NPF events
in this study refer to those in the UT (200 to
500 hPa) over midlatitude oceans (20 to 60° N
or 20 to 60° S) unless stated otherwise.

One possibility is that new particles in SAI-
impacted air masses had already been formed
in the stratosphere (44) and subsequently
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Flight tracks during the

ns (20 to 60° N) during

descended into the UT where they were
observed. Most SAl-impacted NPF events dur-
ing NAAMES-3 were observed at local solar
noon (Fig. 3A), when strong solar radiation
promotes the photolysis of O and the produc-
tion of OH (45). The occurrence of NPF mostly
around solar noon suggests that these new
particles were produced locally. The lifetime of
new particles is relatively short (e.g., ~7 hours
for 3 nm with typical coagulation sink in the
UT), whereas it took 40 to 60 hours for the
air masses to descend from ~10 km to the sampl-
ing altitudes (i.e., ~7 km). Therefore, few new

12 July 2024

ATom-1 (C). Measurements during NPF events are shown by dots colored
according to relative humidity (RH) for NAAMES-3 (B) and hydroxy! radical (OH)
mixing ratio for ATom-1 (C). NPF events observed in the stratospheric air
intrusion (SAI) and convective cloud outflow (COF) air masses are grouped as
SAI-NPF and COF-NPF, respectively. (D) Variation in OH mixing ratios as a
function of Oz mixing ratios in the UT over northern Pacific and Atlantic oceans
during the ATom-1 deployment. Black circles represent the mean values and
box-whisker plots are drawn for 10-, 25-, 50-, 75-, and 90-percentiles.

particles that form at altitudes of 10 km or
above survive the downward transport. In ad-
dition, given the long transport time, if these
particles had formed in the stratosphere before
being transported to the sampling location
then it is unlikely that they were mostly ob-
served around solar noon. Furthermore, given
the general decreasing CO mixing ratio with
altitude above 6 km (fig. S3), if the new par-
ticles formed at higher altitudes before being
mixed downwards then we would observe a
negative correlation between Nj_;onm and
CO mixing ratio, which is absent from the
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Fig. 3. New particles are formed in the mixture of stratospheric and tropospheric air locally instead of
being transported from the stratosphere. (A and B) Scatter plots of N.3pm/Ns1onm (A) and N3-10nm

(B) versus CO mixing ratio in air masses impacted by stratospheric air intrusion during NAAMES-3, with data
points colored according to the local solar time (LSoT). LSoT is the time according to the position of the sun
and the LSoT of 12 noon represents the time when the solar elevation angle reaches the maximum. CO
denotes a tracer for anthropogenic emissions in the troposphere with a strong stratospheric sink. (C) Scatter
plots of N310nm Versus the OH mixing ratio in SAl-impacted air masses in the northern hemisphere during
ATom-1, with data points colored according to the condensation sink for particles of diameters greater than
7 nm (CS7,m). All data shown are from SAl-impacted air masses in the northern hemisphere UT over
midlatitude oceans (20 to 60° N, 200 to 500 hPa).
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measurements (Fig. 3B). Moreover, very few
NPF events were observed in less diluted strato-
spheric air (SM section M3) with a much higher
03 mixing ratio during ATom-1 (Fig. 2C). In SAI-
impacted air masses, new particle concentra-
tion clearly correlates with OH mixing ratios
(Fig. 3C).

Mixing of two air masses with different RH
and temperatures could lead to strong super-
saturation and enhanced nucleation rate (19)
and it has been invoked to explain NPF ob-
served near the tropopause (15, 16). This mech-
anism could potentially contribute to the
observed SAI-NPF. However, given that the
mixing of the different air masses likely
occurs throughout the day, the fact that newly
formed particles were always observed around
solar noon (Fig. 3, A and B) and with enhanced
OH (Fig. 3C) suggests that photochemical reac-
tions in the SAI-impacted air masses represent
the key step leading to the NPF. The SAI-NPF
is, to a large degree, due to enhanced OH and
thus photochemistry, representing a different
mechanism from the NPF in the outflow of
convective clouds (2, 5).

We estimated the impact of SAI on the
nucleation rate in the UT using observations
over northern midlatitude oceans during ATom-1.
Earlier studies suggest that NPF in the UT is
mostly through binary nucleation involving
H,S0, (17, 22). The mean OH concentration
during NPF events in the SAl-impacted air
masses is ~6.60x10° cm ™, roughly three times of
that in the bgFT air masses (i.e., ~2.17x10° cm™).
Over northern midlatitude oceans, the SO,
mixing ratio during summer (e.g., ATom-1) is
elevated at altitudes near the tropopause,
peaking at ~11 km (fig. S4), possibly due to
aircraft SO, emissions (44) and/or transport
of tropospheric SO, through large-scale cir-
culations including Asian summer monsoon
(46) and flushing of the extratropical UT and
lower stratosphere (47). As expected, SAI-
impacted air masses are most prevalent near
the tropopause (i.e., ~10 to 12 km over mid-
latitude oceans). As a result, SAI-impacted
air masses tend to be at higher altitudes com-
pared to the background tropospheric air
masses. Because of the elevated SO, mixing
ratios near the tropopause (SM section S2 and
fig. S5), SAI-impacted air masses statistically
have a higher SO, mixing ratio than the back-
ground tropospheric air (average 21.2 ppt ver-
sus 11.3 ppt, SM section M4 and fig. S6). Based
on ATom-1 observations, the SAl-impacted air
masses generally have a higher condensa-
tion sink for H,SO, vapor from all particles
with diameters greater than 7 nm (CS;,,),
compared to the free troposphere background
(e, 3.27x107* s7! versus 2.20x10~* s7%), likely
due to higher aerosol mass loadings in the
descending stratospheric air (48) (SM sec-
tion S3 and fig. S7). Based on the above in-
formation, we estimated that on average, the
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concentration of H,SO, is enhanced by a fac-
tor of 3.5 in air masses influenced by SAI as a
result of enhanced OH and SO, mixing ratios,
despite an increase in CS;,,, (SM section M4).
This results in a 110-fold increase in the esti-
mated binary homogeneous nucleation rate in
SAlimpacted air masses, reaching ~0.85 cm™ s~
under representative conditions (SM section
M4 and table S1). The enhanced H,SO, con-
centration and nucleation rate likely lead to
the observed SAI-NPF. It has been suggested
that oxidized organics may participate in
NPF in the UT (2, 32, 49). The enhanced OH
mixing ratio in SAI-impacted air masses is
also expected to accelerate the formation
of the oxidized organic species from their
precursors, further increasing the nuclea-
tion rate. Based on simulations of GEOS-
Chem-TOMAS (50), ammonia mixing ratio
in the UT over global oceans is likely too low
(i.e., 99th percentile of 6.2 ppt) for nitric acid
to contribute substantially to the observed
SAI-NPF (51).

The underlying mechanism of SAI-NPF, based
on the results above, is illustrated in Fig. 4. The
tropopause folds cause downward intrusion of
stratospheric air with abundant O3 into the
troposphere. The mixing of intruding Os-rich
stratospheric air with more moist tropospheric
air leads to enhanced OH mixing ratios. Such
mixing is most prevalent near the tropopause,
where the SO, mixing ratio is elevated during
summer (figs. S4 and S5) (52). The elevated
OH and SO, mixing ratios synergistically lead
to an increase of H,SO, concentration, pro-
moting NPF (22). The stratospheric air intru-
sion can also bring the air with elevated SO,
near the tropopause and the mixing of strato-
spheric and tropospheric air down to lower
altitudes (e.g., ~7 km), leading to the NPF
observed during NAAMES-3. This mechanism
also helps explain previously reported NPF near
the tropopause where the mixing of tropo-
spheric and stratospheric air occurs (14-16).

Significance of SAl impacts on the UT NPF

We statistically compare the characteristics of
aerosol populations during SAI-NPF events to
those during NPF in COF air masses (hereafter
COF-NPF). Figure 5, A and E shows the fre-
quencies of SAI-NPF and COF-NPF as a func-
tion of altitude during the NAAMES-3 and
ATom-1 deployments. SAI-NPF events were
generally observed at higher altitudes than
COF-NPF. During NAAMES-3, the frequency
of SAI-NPF (SM section M2) increases with
altitude, reaching ~6% at 7.5 km. During ATom-1,
the research aircraft sampled at higher alti-
tudes and these measurements show that the
SAI-NPF frequency further increases to ~13%
at above 10 km, likely due to more prevalent
stratospheric influences at higher altitudes.
The COF-NPF events were observed at altitudes
ranging from 5 to 11 km during NAAMES-3 and
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Fig. 4. Mechanism of new particle formation in the UT following the mixing of stratosphere and troposphere
air. In the UT, intrusions of stratospheric air down into the troposphere occur as a result of tropopause folds. The
mixing of Oz-rich stratospheric air with more moist tropospheric air enhances OH production in the presence of solar
radiation, leading to elevated OH mixing ratio. Such mixing is most prevalent near the tropopause, where the
SO, mixing ratio is elevated during summer. The elevated OH and SO, mixing ratios following the mixing
synergistically lead to an increased H,SO4 concentration, promoting new particle formation. The
stratospheric air intrusion can also bring air with elevated SO, near the tropopause and the mixing of
stratospheric and tropospheric air down to lower altitudes, leading to NPF well below the tropopause. This
mechanism likely represents an important source of particles in the midlatitude

free troposphere.

ATom-1, with an average frequency of ~3.3%
between altitudes of 5.5 and 7 km during
NAAMES-3 and ~3.7% between altitudes of
7 and 10 km during ATom-1.

The statistics of N5_10nm, N-3nm/N-100m, and
CS;um for COF-NPF events observed during
NAAMES-3 and ATom-1 are generally consis-
tent (Fig. 5). During NAAMES-3, SAI-NPF was
observed below 7.5 km as a result of the
operational ceiling of the aircraft, and the
SAI-NPF had lower N.3,m/N-1onm and N3 10nm
compared to those during COF-NPF (Fig. 5,
F and G), suggesting weaker particle produc-
tion. The weaker particle production can be
attributed, at least partially, to the higher
CS;,m in SAl-impacted air masses (Fig. 5H
and fig. S7). The relatively lower CS;,,, value
in COF air masses is due to the following two

reasons: first, the convective clouds efficiently
remove preexisting particles, leading to low
CS;um in the outflow region (2); second, the
SAl-impacted airmass has higher CS,,, as a
result of the influence of stratospheric air with
high aerosol mass loadings (4#8) (SM section S3
and fig. S7). During ATom-1, SAI-NPF was
observed at higher altitudes (i.e., >9 km).
Despite generally lower N 3,m/N-1onm ratios
(Fig. 5B), N3.10nm Of SAI-NPF is about 2 times
higher than that of COF-NPF during ATom-1
(Fig. 5C), indicating stronger particle produc-
tion. The stronger particle production during
these SAI-NPF events, despite the larger CS;,,
than during COF-NPF events, is likely a result
of a combination of colder temperatures at
higher altitudes (Fig. 5A) and the enhanced
OH and SO, leading to higher concentrations
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Fig. 5. Characteristics of SAI-NPF and COF-NPF events observed in the northem
hemisphere UT over midlatitude oceans. (A to D) NPF frequency, defined as the

ratio of the sampling time when new particles were observed to the total flight time for each
500-m altitude bin, as a function of altitude (A). Violin plots and boxplots showing Nsznm/

of nucleating species (e.g., H,SO,, and possibly
oxidized organic species) in the SAI-impacted
air masses. The high concentrations of H,SO,
and oxidized organics likely accelerate the
growth of new particles and subsequent for-
mation of CCN (32).

Based on the observations during all four
ATom deployments, SAI-NPF occurs in the
midlatitude UT over different seasons in both
hemispheres (SM section S4 and fig. S8). The
mixing ratio of OH shows strong seasonal
variation, exhibiting the highest value during
summer, mostly due to stronger solar radiation
and a higher H,O mixing ratio (fig. S9). The
SAI-NPF frequencies in the NH during boreal
fall and winter are lower than that during the
boreal summer but are substantial, likely due to
lower CSy,,,, during the two seasons (fig. S10).
In addition, the lower temperature during
boreal winter also promotes NPF. Over the
midlatitude oceans in the southern hemi-
sphere (SH), the SAI-NPF frequencies in the
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UT are the highest during austral summer and
fall (~6%). NPF events with elevated O5 level
were mostly observed over midlatitudes and
this is attributed to the spatial distribution
of SAI. Using the Modern-Era Retrospective
Analysis for Research and Applications,
Version 2 (MERRA-2) reanalysis dataset (SM
section M5), we found that the SAI is most
prevalent in the midlatitude regions, within
the latitudinal band of 20° to 40°N and 20°
to 40°S where the subtropical jet stream and
synoptic-scale waves occur (40, 53, 54) (fig.
S11). The zonally average mixing ratio of OH
reaches the maximum in the midlatitudes (i.e.,
latitudinal bands of 20 to 40° N and 20 to
40° S) during summer for both NH and SH
(fig. S12), consistent with the latitude range
where both SAI frequency and solar radiation
are high. Based on the ATom-1 and NAAMES-
3 measurements, the fraction of data in SAI-
impacted air masses (SM section M3) indicating
recent NPF varies from ~5% at altitudes of 6.5

Nx1onm (B), N310nm (C), and CS7,m (D), of NPF events in SAl and convective cloud outflow
(COF) air masses observed during the ATom-1 deployment. Circles represent the
mean values and the box-whisker plots are drawn for 10-, 25-, 50-, 75-, and 90-percentiles.
(E to H) are the same as (A to D) but for the NAAMES-3 deployment.

to 7.5 km to ~27% at altitudes of 10 to 12.5 km
over northern midlatitude oceans during bo-
real summer. Measurements during ATom-2
show that the NPF frequency in SAI-impacted
air masses is ~24% at altitudes of 10 to 11.5 km
over southern midlatitude oceans during aus-
tral summer.

The results based on ATom observations
show that the SAI-NPF likely occurs frequently
over large geographic regions in the mid-
latitudes. Above 10 km, SAI-NPF is more
frequent and leads to stronger production of
new particles compared to the NPF associated
with convective cloud outflow (Fig. 5). In ad-
dition, climate models predict a strengthening
Brewer-Dobson circulation in future climate that
would enhance stratosphere-to-troposphere
transport, leading to more frequent SAI and
increased magnitude of ozone flux (55, 56).
Therefore, NPF from SAI likely represents a key
source of particles in the midlatitude free tro-
posphere, both now and in the future. In the
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tropics, deep convections can inject moist air
from the troposphere into the lower strato-
sphere. We hypothesize the mixing of injected
tropospheric air and lower stratospheric air
may similarly result in enhanced OH, thereby
enhancing NPF in the stratosphere over the
tropics.
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