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The stratosphere is generally considered to be stable, with minimal vertical
mixing. However, deep convection can transport low-altitude material
above the tropopause. Here we use in situ single-particle measurements
from the Dynamics and Chemistry of the Summer Stratosphere mission to
show that carbonaceous-sulfate particles from the troposphere account for
up to 90% of the stratospheric particles with physical diameter from 0.1to
1.5 pmina4-km layer above the tropopause during an active fire seasonin
2022. We find that -43% of the stratospheric carbonaceous-sulfate particles
originate from biomass burning. These particles, which are chemically
complex and organic-rich, do not remain unchanged once injected into

the stratosphere, but form mixtures containing both tropospheric and
stratospheric components, indicating perturbation of the stratospheric
aerosol layer. We suggest that the increasing frequency and intensity of
wildfires combined with increasing deep convection as the climate warms
may enhance the delivery of biomass burning products to the lower
stratosphere, with implications for ozone chemistry and radiative forcing.

The stratospheric aerosol layer, or ‘Junge layer’, was first described
over 60 years ago'. This layer had a particle number concentration of
~0.1cm™, diameters ranging from 0.2to4 pm, and spanned an altitude
range from the tropopause to over 25 km (refs. 1,2). It has been con-
sidered spatiotemporally stable’* particles in this layer may persist
in the lower stratosphere (LS; approximately 5 km above the tropo-
pause’) with long decay times from months to years, due to the rela-
tively small sedimentation velocity of submicrometre particles and
limited vertical mixing*’. There are three distinct categories of particle

populationsinthelLS (Fig.1): (1) particles composed of relatively pure
sulfuricacid, formed insitu by the oxidation of sulfur-containing gases;
(2) sulfate-coated meteoric (MT) particles"® from extraterrestrial mate-
rial, which undergoes ablation and vaporization in the mesosphere,
with the particles eventually acting as condensation nuclei for sulfuric
acid; and (3) particles with a tropospheric origin*°.

Aerosol investigations have yielded insight into stratospheric
dynamics’. There are several mechanisms by which tropospheric par-
ticles enter the stratosphere: (1) uplift via convection through the
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Fig. 1| Schematic representation of stratospheric dynamics and particles.
The curved arrows depict large-scale circulation patterns. The straight white
(transparent), dashed black and double black arrows depict possible aerosol
transport pathways into and/or within the stratosphere. The tropopause is
denoted by the dashed white line. Stratospheric particle types include sulfate
(red; from the oxidation of sulfur dioxide (SO,) and carbonyl sulfide (OCS)),

Stratopause

e ef_‘!é-
Internally mixed MT and BB
(MTBB)

Biomass burning

~10 to ~16 km
Tropopause

meteoric (orange) and troposphere sourced particles (solid and patterned
green). Note that some meteoric particles also contain metals originating from
spacecraft reentry (the defunct satellites and spent rocket stages)*°. Meteoric
and biomass burning also contribute to internally mixed particles, which are
reported in this study.

tropical tropopause layer (TTL) to the stratosphere; (2) quasi-isentropic
mixing of tropospheric and stratospheric air across the subtropical
jetfrom the TTL to the extratropical LS; (3) tropopause folds, where
the air in the upper troposphere (UT; -5 km below the tropopause)
is advected into the LS; (4) direct injection by deep convection in the
extratropics. These pathways are detailed in earlier review articles>®.
Overshooting convection in tropical and extratropical regions has
complicated dynamic processes, potentially creating efficient direct
pathways for the transport of tropospheric particles into the LS*™.
Additionally, tropospheric particles can be lofted first to the UT and
subsequently mixed across the tropopause, which plays animportant
role in particle transport in the UT/LS (Supplementary Background).
Bothdirectandindirect pathways betweenthe troposphere and strato-
sphere remain understudied.

Of particularimportance to this study are intense wildfire events,
which can spawn convective clouds known as pyrocumulonimbus
(pyroCb)°. Powerful updrafts associated with pyroCb storms can lift
biomass burning (BB) particlesinto the UT and, occasionally, directly
into the LS*". Wildfire smoke has been observed in the stratosphere
by means of in situ carbon monoxide measurements since at least
1994, For example, BB particles from fire activity in Canada in June
2002 were observed in the stratosphere using particle analysis by
laser mass spectrometry (PALMS) and other methods as part of the
Cirrus Regional Study of Tropical Anvils and Cirrus Layers—Florida
Area Cirrus Experiment (CRYSTAL-FACE)". An enhancementin particle
number concentration was observed at an altitude of -1 km above the
local tropopause, with BB particlesidentified by their distinct chemical
signature®, Such anintrusion of BB particlesinto the stratosphere was
hypothesized by Jost et al.” to be driven by a combination of factors,
including mesoscale convective systems, heat from the fires, and the
rise of the injected plume without external force (called self-lofting).

The transport of particles from violent BB events into the strato-
spherehasbeenintenseinrecentyears, with somelayer topsreaching
morethan20 km (ref. 5). More recently, the Australian New Year Super
Outbreak (ANYSO), also known as ‘Black Summer’, was a particularly
intense bushfire season spanning 2019-2020"¢, Based on satellite
observation, 38 pyroCb events pumped wildfire smoke into the UT/LS
during ANYSO. Over 50% of these events overshot and detrained mate-
rial atan altitude 1-2 km above the local tropopause”, while 18 events
were observed to detrain in the UT and self-loft to the stratosphere®.
The smoke plumesinthe stratosphere were observed torise, ultimately
reachinganaltitude of -35 km through self-lofting'®. The injected cumu-
lative particle mass (-1 Tg) from ANYSO was comparable to moderate
volcanic eruptions'®. The plumes not only affected the Southern but
also the Northern Hemisphere, due to stratospheric circulation',

Increasing attention is being given to the likely enhancement of
wildfire frequency and intensity due to climate change'**°. Based on
data from the National Interagency Fire Center, the area burnt in the
United States hasincreased since the1970s and is expected toincrease
further”. A change in the timing and increase in the frequency and
intensity of convective events, including those powerful enough to
overshoot the tropopause, has also been attributed to climate change?.
Together, this suggests a potential increase in the fraction of tropo-
spheric particles, particularly BB particles, reaching the UT/LS.

Once presentinthe stratosphere, tropospheric particles can pro-
vide surfaces for heterogeneous reactions, including those involved
instratospheric ozone chemistry®. These particles may also undergo
long-range transport and ultimately can scatter or absorb solar and ter-
restrial radiation, thereby impacting the global climate?. The impact of
deep convectionondirect particle transport from the troposphere to
the stratosphere remains unclear, as does the ratio of particles directly
injected versus those lofted and then mixed across the tropopause.
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Fig.2|Selected flight tracks and number fractions of stratospheric particles
(from 31 May to 27 June 2022). a, Pie charts display the particle number
fraction for recent and aged convections and stratospheric background. The
‘others’ category includes particles of tropospheric origin, such as mineral
dust, and those with low signal-to-noise ratio. Data from active convection (that

is, in cloud) were removed due to the presence of artefacts*’. b, The basemap
(WorldReliefin IGOR), overlaid by flight tracks. ‘Not considered’ includes
instrument calibration periods, tropopause crossing, and aerosol layers not
applicable to this study. The red solid circle denotes the aircraft base in Salina,
Kansas.

These knowledge gaps are largely due to limited in situ observational
data, impeding the accurate modelling of particles in the stratosphere
and leading to substantial uncertainty in aerosol-climate models®**.
In this Article we investigate the potential implications of deep
convection onstratospheric aerosols based onresults from a National
Aeronautics and Space Administration (NASA) aircraft measure-
ment campaign called the Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) mission in 2022, hereafter DCOTSS2. During
DCOTSS2, we used on- and offline measurement techniquesindepen-
dently to determine aerosol particle size and chemical composition.

Unexpected complexity of stratospheric aerosol
particles

Figure 2b shows the tracks of seven flights from DCOTSS2 under
conditions ranging from active to aged convection to stratospheric
background (definitions are provided in Methods). By using arecently
developed single-particle mass spectrometer (PALMS-Next Generation
(PALMS-NG))*, we identified four main particle types in the strato-
sphere: (1) sulfate, (2) MT, (3) carbonaceous sulfate (CS) originating

from the troposphere and (4) internally mixed MT and BB (MTBB)
particles (Figs. 2a and 3a). CS particles consist of two subtypes, both
of tropospheric origin: BB and internally mixed sulfate and organics
(S0)**. The unambiguous identification of BB particles is demonstrated
by observations during a flight that encountered smoke plumes ~1km
below the tropopause (Supplementary Fig. 1) fromanidentified pyroCb
event, associated with five-day-old pyroCb smoke over the central
United States (details are discussed in a study by Li et al.”).

CS particles, based on measurements from the tropopause to
5.5km above, were found to contain a substantial fraction of organ-
ics (Fig. 3c and Supplementary Fig. 2) and have a volume-weighted
size distribution from 0.14 to 1.5 pm centred at ~0.35 pm (physical
diameter, D,) (Fig. 3b). These particles accounted for up to 86% and
92% of the total stratospheric particle number in recent and aged
convective outflows, respectively (Fig. 2a). These values were approxi-
mately three times greater than in the stratospheric background at
altitudes more than4 km above the tropopause. The layer within 4 km
above the tropopause, hereafter termed the convectively influenced
stratospheric layer (CISL), contained ~85% CS particles by number.
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Fig. 3| Chemical composition of stratospheric particles. a, Spectra of biomass
burning and meteoric particles, and their internal mixture, with related ionsin
greenand orange, respectively. b, Physical diameter versus volume (top) and
number (bottom), by propagating*’ PALMS-NG data on DCOTSS Portable Optical
Particle Spectrometer (DPOPS) size**. ¢, Chemical imaging by synchrotron-based

5 6 7 89 2 3

200 1

o

Spherical equivalent diameter (um)

scanning transmission X-ray microscopy (STXM) and near-edge X-ray absorption
fine structure spectroscopy (NEXAFS)*. Particles with an organic volume
fraction of <0.1and 0.8-1.0 are classified asinorganic (IN; blue) and organic
(dark green), respectively. Inset: contribution of organic volume fraction with
STXMimages.

Offline chemical imaging of particles collected in the CISL were con-
sistent with the online mass spectra, with nearly all contained organic
fractions ranging from 20% to 80% by volume and mass (Fig. 3¢ and
Supplementary Fig. 2).

MTBB particles, which have not previously been considered,
exhibit the combined spectral signature of MT and BB particles origi-
nating from the stratosphere and troposphere, respectively. MTBB
accounted for ~1% of the total number of stratospheric particles sam-
pled under recent and aged convective conditions and between 1.5%
and 6% in the stratospheric background. This internal mixing of MT and
BB material, and the apparentincrease in their fractions in convectively
influenced over background conditions, implies a particle coagula-
tion mechanism in the UT/LS. This finding highlights the complex

interaction of particles in the stratosphere in regions influenced by
convection. To our knowledge, no existing stratospheric models have
considered the chemical or radiative implications of MTBB particles.

CS particles maintained a large number fraction (-90% of parti-
cleswithD,from 0.1to 1.5 pmwere CS, ~43% of which originated from
BB material) throughout the depth of the CISL (Fig. 4b), above which
the fraction of MT and sulfate particles began to increase (Fig. 5).
Notably, CS particles represented a similar percentage of total parti-
cles sampled in the outflow from recent to aged convection to back-
ground conditions (Fig. 4b), indicative of a regionally perturbed
stratosphere. Strong water vapour enhancements were observed
in the LS following convection, but were absent in the stratospheric
background air’®. As shown in Fig. 4a, LS background water vapour
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relative to the total number of particles measured. PALMS-NG fractional data
are discrete particle counts, ranging from 0 to 1. As such, conventional standard
deviations are not used for these values. Data from aerosol layers were removed
for clarity.

mixing ratios were -4 ppmyv, with convective moistening increas-
ing the saturation mixing ratio to ~20 ppmv. The magnitude of the
water vapour enhancements falls off with increasing altitude, until
itis nearly undetectable above the CISL. Similarly, particle number
concentrations (Fig. 4c) could be enhanced in convectively influenced
air within the CISL. Some of the background air within 3 km above
the tropopause was dry (water vapour mixingratio <4 ppm) and had
high methane mixing ratios (>1,840 ppbv) (Supplementary Fig. 3),
consistent with air originating from the TTL? advected poleward to
the sampling region.

Potential mechanisms responsible for the
observations

The observed convective enhancement of water vapour reached up to
five times the background concentrationinthe CISL. The water vapour
mixingratioisin agreement with the vertical distribution of overshoot-
ing volume® and observed overshooting depth?"*'. Particle number
concentrations could be enhanced by convection. Taken together,
water vapour, particle number and particle composition support the
CISL. The data here do not allow us to determine the specific mecha-
nismof particleintrusion—directinjectioninto the LS viaovershooting
convection (a one-step process) or detrainment of particles in the
UT from convection, such as pyroCb events, and subsequent move-
ment into the LS by another cross-tropopause mechanism such as
self-lofting, entrainment into overshooting convection, tropopause
folds and so on (a two-step process). The observation that CS parti-
cles survived transport to the LS has several important atmospheric
implications. Specifically, it suggests inefficient scavenging. We can-
not conclude whether particles formed cloud droplets and/or ice that
evaporated/sublimated in the stratosphere. This study does not offer
definitive conclusions about the mechanisms driving the intrusion
of tropospheric particles into the stratosphere. Further studies of
this kind, potentially during different seasons and in different loca-
tions, or routine measurements with microphysical measurements*
arerecommended.

Stratospheric chemistry and climate implications
The presence of tropospheric particles, particularly BB particles, in
theLSincreases and changes the composition of particle surface area
available for heterogeneous reactions, and this is of particularimpor-
tance for ozone chemistry. Most of the chlorine accumulated inthe LS
exists as HCland CIONO, species. These compounds can undergo het-
erogeneous photochemical reactions onthe surfaces of particles and
icecrystals, leading to the formation (‘activation’) of highly reactive Cl
radicals that damage the stratospheric ozone layer®. Our observations
of organicacids and chlorine compoundsin BB particles (Fig. 3a), along
with an increase in chlorine signals in these particles with respect to
altitudeinthe LS during DCOTSS2 (Supplementary Fig. 4), suggests the
possibility that HClwas being incorporated into LS particles, consistent
withlaboratory and model studies***. We calculated the average mass
fraction of organics relative to sulfate for BB and SO particles to be
~68%inthe CISL (Supplementary Fig. 5). We term this the ‘organic-rich
layer’. Photolysis of particulate organics in the stratosphere has been
suggested to be slow®, leading to their persistence. This persistence
of the organic mass fraction could increase HCl solubility in the parti-
cles, thereby potentially contributing to ozone loss*. This requires a
dedicated modelling study in the future.

The offline chemical imaging analysis of collected stratospheric
particlesindicates the presence of alkene species. Alkene double bonds
might act as potential sites for ozone reactions. The available double
bonds (~-0.003 ppbv) are 107 times lower than an average 150-ppbv
stratospheric ozone concentration, indicating a small potential effect
(details are provided in Supplementary Note 6). However, these esti-
mates are based on current conditions. Given the potentially increasing
perturbation of the stratosphere, future studies should continue to
consider the potential impact of BB particles on stratospheric ozone.

Allstratospheric BB particles measured here contained sulfate, in
notable contrast to the fresh BB particles often sampled in the tropo-
sphere’®. The volume-weighted diameter of stratospheric BB particles
exhibited a peak at ~0.4 pm (Fig. 3b), larger than the 0.25-pm peak
from fresh BB particles across various biofuels and burn conditions™.
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Fig. 5| Vertical profiles of three main stratospheric particle types.

a-c, Meteoric (a), sulfate (b) and CS (c) particles, averaged over the selected
flights. The same particle types measured by the original PALMS during previous
aircraft missions (WAM, CRYSTAL-FACE and Pre-AVE)* are shown for comparison.
The profiles in all cases show similar distributions in the troposphere and at

>4.5km above the tropopause. The lower 4 km of the stratosphere during
DCOTSS2 retained a tropospheric-like abundance of CS (green and grey shaded).
CRYSTAL-FACE exhibited a similar feature of 1-km depth (grey shaded). Data from
aerosol layers were removed for clarity.

However, these particles were smaller than those observed in some
aircraft measurements of pyroCb-influenced BB particles, with >0.5-pum
mean diameter?. This size discrepancy probably reflects disparate
cloud processing and condensation of sulfuric acid in the UT/LS?.
These modified BB particles, as compared to relatively fresh material,
will have different chemical reactivity and radiative forcing™.

BB particles have generally not been found to be effective ice
nucleating particles, although the role of organic components
remains uncertain®. BB particles and their associated organic com-
ponents, although inefficient atice nucleation, could ultimately have
an impact on UT cirrus ice cloud formation due to the increase in
concentration®®*. There are only a few studies of the ice nucleating
particle efficiency of MT particles***, and the observed MTBB particles
areaparticle type withan unknown potential for heterogeneous chem-
istry and cloud formation. The formation mechanism and atmospheric
impact of the MTBB particles are beyond the scope of this study. We
recommend that future research include systematic laboratory and
modelling efforts to fully understand their effects.

Substantial organic massin the stratosphere strongly influences
aerosol optical depth (AOD) and radiative forcing. The uncertain real
and imaginary refractive indices of these organics drive substan-
tial uncertainty in the single-scattering albedo of single particles.
The higher hygroscopicity of sulfuric acid further affects AOD vari-
ability. A higher imaginary refractive index lowers single-scattering
albedo, enhancing both absorption and AOD, while reducing
top-of-the-atmosphere aerosol radiative forcing** and increasing
surface radiative forcing. Conversely, a higher real refractive index
amplifies scattering, reflecting more solar radiation back to space
and increasing shortwave forcing at both the surface and top of the
atmosphere. Finally, morphological diversity, as observed through
offline imaging, introduces additional variability and uncertainty in

the AOD and radiative forcing®, and the sign and magnitude of this
changerequire further study.

Another potential impact of BB particles is on the lifetime and
transport of mercury, as described in Supplementary Note 7.

Increased perturbationinthe observed
stratosphere
Given the persistent and elevated number fraction of tropospheric
particles in the stratosphere, which exceeds typical variability, the
perturbation of the LS observed here highlights a stratosphere that
has been profoundly changed by convection. Similar perturbation
has been observed before, although it was less extreme®. Figure 5
compares the vertical profiles of the number fractions of the three
main stratospheric particle types measured by PALMS-NG during the
DCOTSS2 (Salina, Kansas, United States, latitude range 30° to 50° N,
summer 2022) to those measured by PALMS in the WB-57 Aerosol
Mission (WAM; Houston, Texas, United States, 0°to 15° N, September
1998), CRYSTAL-FACE (Key West, Florida, United States, 20°to 30° N,
July2002) and the Pre-Aura Validation Experiment (Pre-AVE; Houston
Texas, United States and San Jose, CostaRica, 0°to 30° N, January and
February 2004)*. During WAM and Pre-AVE, conducted outside an
active fire season or fire-impacted region, the number fraction of CS
particles decreased immediately and rapidly above the tropopause,
consistent with our historical view of the stratosphere.
CRYSTAL-FACE, conducted during an active fire and convec-
tive season, observed BB intrusions in the LS in 2 out of 16 flights. CS
particles maintained a high number fraction (-90% CS, 67% of which
were BB particles) up to 1 km into the LS, at which point the number
fraction of MT and sulfate particles began to increase. If we consider
WAM and Pre-AVE to exhibit profiles consistent with an unperturbed
stratosphere, CRYSTAL-FACE appears tohave al-km CISL. The DCOTSS2
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observations, conducted duringamore active fire season and targeting
overshooting convection, exhibit a four times deeper perturbed layer
than that observed 20 years ago. Given that midlatitude convective
storms are increasingly penetrating the LS**, and that there are more
frequent and intensive wildfires, the perturbation of the LS could
become more common and/or potentially deeper. This could further
influence stratospheric chemistry and climate, and the potential impli-
cations require further investigation.

The findings in this study address a critical knowledge gap and
offer a fresh perspective with broad implications for understanding
stratospheric chemistry and climate, potentially guiding future research
directions. Modelling studies are one such direction, as current strato-
spheric models donotaccurately account for the injected tropospheric
particles, whichlimits their ability to simulate aerosolimpacts on radia-
tive forcing and chemistry in this critical atmospheric region®**. Toour
knowledge, modelling studies of the potentialimpact of geoengineering
scenarios similarly do not have a treatment of tropospheric particles,
resultingininaccurate modelling of both intentional and unintentional
perturbations of stratospheric chemistry and climate impacts®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-025-01821-1.

References

1. Junge, C. E., Chagnon, C. W. & Manson, J. E. Stratospheric aerosols.
J. Meteor. 18, 81-108 (1961).

2. Junge, C. E. & Manson, J. E. Stratospheric aerosol studies.

J. Geophys. Res. 66, 2163-2182 (1961).

3. Gettelman, A. et al. The extratropical upper troposphere and
lower stratosphere. Rev. Geophys. 49, 2011RG0O00355 (2011).

4. Deshler, T. A review of global stratospheric aerosol:
measurements, importance, life cycle and local stratospheric
aerosol. Atmos. Res. 90, 223-232 (2008).

5. Trickl, T. et al. Measurement report: violent biomass burning and
volcanic eruptions - a new period of elevated stratospheric aerosol
over central Europe (2017 to 2023) in a long series of observations.
Atmos. Chem. Phys. 24,1997-2021 (2024).

6. Murphy, D. M., Thomson, D. S. & Mahoney, M. J. In situ
measurements of organics, meteoritic material, mercury and
other elements in aerosols at 5 to 19 kilometers. Science 282,
1664-1669 (1998).

7. Trepte, C.R. & Hitchman, M. H. Tropical stratospheric circulation
deduced from satellite aerosol data. Nature 355, 626-628 (1992).

8. Kremser, S. et al. Stratospheric aerosol—observations, processes
and impact on climate: stratospheric aerosol. Rev. Geophys. 54,
278-335 (2016).

9.  Fromm, M. D. et al. The untold story of pyrocumulonimbus. Bull.
Am. Meteor. Soc. 91, 1193-1210 (2010).

10. Gordon, A. E. et al. Airborne observations of upper troposphere
and lower stratosphere composition change in active convection
producing above-anvil cirrus plumes. Atmos. Chem. Phys. 24,
7591-7608 (2024).

11.  Katich, J. M. et al. Pyrocumulonimbus affect average stratospheric
aerosol composition. Science 379, 815-820 (2023).

12.  Waibel, A. E. et al. Highly elevated carbon monoxide concentrations
in the upper troposphere and lowermost stratosphere at northern
midlatitudes during the STREAM |l summer campaign in 1994.
Chemosphere 1, 233-248 (1999).

13. Jost, H. et al. In-situ observations of mid-latitude forest fire plumes
deep in the stratosphere. Geophys. Res. Lett. 31, 2003GL019253
(2004).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kablick, G. P., Allen, D. R., Fromm, M. D. & Nedoluha, G. E.
Australian pyroCb smoke generates synoptic-scale stratospheric
anticyclones. Geophys. Res. Lett. 47, €2020GL088101(2020).
Allen, D. R., Fromm, M. D., Kablick lii, G. P. & Nedoluha, G.

E. Smoke with Induced Rotation and Lofting (SWIRL) in the
stratosphere. J. Atmos. Sci. 77, 4297-4316 (2020).

Khaykin, S. et al. The 2019/20 Australian wildfires generated a
persistent smoke-charged vortex rising up to 35km altitude.
Commun. Earth Environ. 1, 22 (2020).

Peterson, D. A. et al. Australia’s Black Summer pyrocumulonimbus
super outbreak reveals potential for increasingly extreme
stratospheric smoke events. npj Clim. Atmos. Sci. 4, 38 (2021).
Senf, F. et al. How the extreme 2019-2020 Australian wildfires
affected global circulation and adjustments. Atmos. Chem. Phys.
23, 8939-8958 (2023).

Westerling, A. L., Hidalgo, H. G., Cayan, D. R. & Swetnam, T. W.
Warming and earlier Spring increase western U.S. forest wildfire
activity. Science 313, 940-943 (2006).

Cunningham, C. X., Williamson, G. J. & Bowman, D. M. J. S.
Increasing frequency and intensity of the most extreme wildfires
on Earth. Nat. Ecol. Evol. 8, 1420-1425 (2024).

Tinney, E. N., Homeyer, C. R., Bedka, K. M. & Scarino, B.R. The
response of tropopause-overshooting convection over North
America to climate change. J. Clim. 37, 6183-6200 (2024).
Solomon, S. et al. Chlorine activation and enhanced ozone
depletion induced by wildfire aerosol. Nature 615, 259-264
(2023).

Jacobson, M. Z. Effects of biomass burning on climate,
accounting for heat and moisture fluxes, black and brown
carbon, and cloud absorption effects. J. Geophys. Res. Atmos. 119,
8980-9002 (2014).

Murphy, D. M. et al. Radiative and chemical implications of

the size and composition of aerosol particles in the existing or
modified global stratosphere. Atmos. Chem. Phys. 21, 8915-8932
(2021).

Jacquot, J. L. et al. A new airborne single particle mass
spectrometer: PALMS-NG. Aerosol Sci. Technol. 58, 991-1007
(2024).

Murphy, D. M., Cziczo, D. J., Hudson, P. K. & Thomson, D.

S. Carbonaceous material in aerosol particles in the lower
stratosphere and tropopause region. J. Geophys. Res. 112,
2006JD007297 (2007).

Li, Y. et al. Enhanced radiative cooling by large aerosol particles
from pyrocumulonimbus. Preprint at Research Square
https://doi.org/10.21203/rs.3.rs-5348977/v1 (2024).

Sayres, D. S. et al. Using the NAMA as a natural integrator to
quantify the convective contribution to lower stratospheric
water vapor over North America. J. Geophys. Res. Atmos. 129,
e€2024JD041641(2024).

Baldwin, M. P. et al. 100 Years of progress in understanding the
stratosphere and mesosphere. Meteorol. Monogr. 59, 271-27.62
(2019).

Solomon, D. L., Bowman, K. P. & Homeyer, C. R. Tropopause-
penetrating convection from three-dimensional gridded NEXRAD
data. J. Appl. Meteorol. Climatol. 55, 465-478 (2016).

Zahn, A., Christner, E., Van Velthoven, P. F. J., Rauthe-Schoch, A. &
Brenninkmeijer, C. A. M. Processes controlling water vapor in the
upper troposphere/lowermost stratosphere: an analysis of 8 years
of monthly measurements by the IAGOS-CARIBIC observatory.

J. Geophys. Res. Atmos. 119, 11505-11525 (2014).

Baars, H. et al. The unprecedented 2017-2018 stratospheric
smoke event: decay phase and aerosol properties observed with
the EARLINET. Atmos. Chem. Phys. 19, 15183-15198 (2019).
Solomon, S. Stratospheric ozone depletion: a review of concepts
and history. Rev. Geophys. 37, 275-316 (1999).

Nature Geoscience


http://www.nature.com/naturegeoscience
https://doi.org/10.1038/s41561-025-01821-1
https://doi.org/10.21203/rs.3.rs-5348977/v1

Article

https://doi.org/10.1038/s41561-025-01821-1

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Stone, K. et al. Two-years of stratospheric chemistry perturbations
from the 2019-2020 Australian wildfire smoke. Atmos. Chem.
Phys. 25, 7683-7697 (2025).

Guan, J. et al. Using the stratosphere to understand long-term
organic aerosol photolysis. Preprint at ESS Open Archive
https://doi.org/10.22541/ess0ar.174585008.87516680/v1 (2025).
Reid, J. S., Koppmann, R., Eck, T. F. & Eleuterio, D. P. A review of
biomass burning emissions part II: intensive physical properties of
biomass burning particles. Atmos. Chem. Phys. 5, 799-825 (2005).
McClure, C. D., Lim, C. Y., Hagan, D. H., Kroll, J. H. & Cappa, C. D.
Biomass-burning-derived particles from a wide variety of fuels

- Part 1: Properties of primary particles. Atmos. Chem. Phys. 20,
1531-1547 (2020).

Knopf, D. A., Alpert, P. A. & Wang, B. The role of organic aerosol in
atmospheric ice nucleation: a review. ACS Earth Space Chem. 2,
168-202 (2018).

Murray, B. J. et al. Heterogeneous nucleation of ice particles on
glassy aerosols under cirrus conditions. Nat. Geosci. 3, 233-237
(2010).

Murphy, D. M. et al. Metals from spacecraft reentry in
stratospheric aerosol particles. Proc. Natl Acad. Sci. USA 120,
€2313374120 (2023).

Murray, B. J., Mangan, T. P,, Maattanen, A. & Plane, J. M. C. Ephemeral
ice clouds in the upper mesosphere of Venus. J. Geophys. Res.
Planets 128, e2023JE007974 (2023).

Haywood, J. M. & Shine, K. P. The effect of anthropogenic sulfate
and soot aerosol on the clear sky planetary radiation budget.
Geophys. Res. Lett. 22, 603-606 (1995).

Li, Y., Dykema, J., Deshler, T. & Keutsch, F. Composition dependence
of stratospheric aerosol shortwave radiative forcing in northern
midlatitudes. Geophys. Res. Lett. 48, e2021GL094427 (2021).

Liu, N., Liu, C. & Hayden, L. Climatology and detection of
overshooting convection from 4 years of GPM precipitation radar
and passive microwave observations. J. Geophys. Res. Atmos. 125,
€2019JD032003 (2020).

45,

46.

47.

48.

49.

50.

Visioni, D. et al. G6-1.5K-SAl: a new Geoengineering Model
Intercomparison Project (GeoMIP) experiment integrating recent
advances in solar radiation modification studies. Geosci. Model
Dev. 17, 2583-2596 (2024).

Murphy, D. M. et al. Particle generation and resuspension in
aircraft inlets when flying in clouds. Aerosol Sci. Technol. 38,
401-409 (2004).

Froyd, K. D. et al. A new method to quantify mineral dust and
other aerosol species from aircraft platforms using single-particle
mass spectrometry. Atmos. Meas. Tech. 12, 6209-6239

(2019).

Li, Y. et al. In situ measurements of perturbations to stratospheric
aerosol and modeled ozone and radiative impacts following the
2021 La Soufriére eruption. Atmos. Chem. Phys. 23, 15351-15364
(2023).

Signorell, R. &Reid, J. P. (eds) in Fundamentals and Applications in
Aerosol Spectroscopy 438-481(CRC Press, 2010); https://doi.org/
10.1201/b10417-21

Sargent, M. R. et al. A new direct absorption tunable diode laser
spectrometer for high precision measurement of water vapor in
the upper troposphere and lower stratosphere. Rev. Sci. Instrum.
84, 074102 (2013).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving

of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and
applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2025

Nature Geoscience


http://www.nature.com/naturegeoscience
https://doi.org/10.22541/essoar.174585008.87516680/v1
https://doi.org/10.1201/b10417-21
https://doi.org/10.1201/b10417-21

Article

https://doi.org/10.1038/s41561-025-01821-1

Methods

NASA DCOTSS2

The primary goal of DCOTSS was to determine the extent to which
convectionimpacts the dynamics and chemistry of the summer strato-
sphere. Flights targeted LS air impacted by overshooting convection
observed by ground-based radar and geostationary satelliteimagery.
The mission consisted of two phases, 16 July to 23 August 2021, and
26 May to 11 July 2022. Here we focus on 2022 (DCOTSS2), which
incorporated an active fire season.

We deployed arecently developed single-particle mass spectrom-
eter, PALMS-NG*, which determined the chemical compositionand size
ofindividual particles. Concurrently, DPOPS was deployed to measure
particle concentration and size*®. Particle samples were also collected
by a mini Micro-Orifice Uniform Deposit Impactor (mini-MOUDI) for
offline analysis; this included chemical imaging of individual parti-
clesby synchrotron-based STXM coupled with NEXAFS*. PALMS-NG,
DPOPS and mini-MOUDI were housed in the nose of the NASA ER-2
aircraft for in situ aerosol measurements. In addition, trace gases
such as water vapour and methane were measured with the Harvard
Herriott hygrometer (HHH) portion of the HWV*®instrument (housed
inthe wing pod) and the Harvard University Picarro Cavity Ringdown
Spectrometer (HUPCRS)* (housed in the Q-Bay), respectively.

Most of the research flights (RFs) were based in Salina, Kansas, for
proximity to convection. Flight tracks were concentrated in the central
United States and spanned latitudes 30° to 50° N and longitude 78° to
110° W (Fig. 2b). During flights, several vertical profiles were conducted
in an altitude range of -3 to 22 km, with minimum 5-min level legs to
allow sufficient data for averaging. More details of the mission are
available at https://dcotss.org/and in the DCOTSS overview paper by
Bowmanetal.”.

For this work, seven RFs, targeting outflow from recent and/or
aged deep convections, were used. These were RFs 13,14, 16,17,18,19
and 20, which occurred on31Mayand 2, 8,10, 21,24 and 27 June 2022,
respectively. Data from mini-MOUDI offline analysis of filter samples
collected in the stratosphere during RFs 17,18,19 and 20 are included
here. In-cloud data, that is, active convection, were removed due to
the generation of artefacts from ice-crystal impaction on the aircraft
andinlet surfaces (for example, stainless steel and paint fragments)*.

PALMS-NG

PALMS-NG has been described previously?*°. In brief, ambient aerosol
is focused and accelerated via a custom aerodynamic lens. The sam-
ple flow rate is ~-0.75 | min™. Particles then enter a vacuum chamber
where they successively scatter light as they pass through two 405-nm
continuous-wave detection laser beams. Based on the transit time
between the detection lasers, particle aerodynamic diameter (d,) is
determined. The detection signal triggers an ArF excimer laser that
emits a193-nm ultraviolet light pulse to ablate and ionize a single
particle in one step. Resulting ions are analysed with two ‘S-shaped’
time-of-flight mass spectrometers (sSTOF MS), producing bipolar mass
spectra from individual particles. Compared to the original flight
PALMS®, PALMS-NG has improved size range, particle detection and
mass resolution®.

Particles were identified based on their mass spectra, consistent
with the method used for historic PALMS data. Particles were grouped
into nine default classes”. In this study, we regrouped the particles
consistent with previous stratospheric sampling: (1) sulfate (rela-
tively pure sulfuric acid); (2) MT; (3) CS (a combination of SO and BB);
(4) MTBB (mixed MT and BB, featuring both MT and BB components);
(5) others (the other classes including mineral dust and sea salt, as well
asthose with alow signal-to-noise ratio such that definitive classifica-
tion was uncertain).

Itis worth mentioning that MTBB particles exhibit an unequivo-
cal superposition of signatures of MT and BB particles; for example,
MT-related ion fragments are m/z 54 and 56 Fe*, 58 Ni*, 72 FeO* and

73FeOH", and the BB-related signature is amixture of potassium (m/z
39 and 41K"), organics (for example, organic acids with signature at
m/z45 COOH", 59 CH,COOH™ and 73 C,H,COOH"), sulfate (m/z32S",
48S0*,64S0,",81HS0;7,96S0,7,97HSO, and 99 H,SO,") and chlorine
compounds (m/z35and 37 CI").

Size-resolved particle number and volume concentrations were
obtained by propagating PALMS-NG’s fractional results of particle
types onto a size distribution measured by DPOPS during selected
flights from O to 5.5 km above the tropopause. Details of the method
areavailablein our previous study®”.

Regarding the vertical profiles of the PALM-NG data shown in
Figs.4 and 5, the background average denotes the number fraction of
CS particles out of 200 particles. The CS number fraction for recent and
aged convections was averaged over 50 particles to better demonstrate
thefeatureinthe perturbed layer. The MT, sulfate and CS number frac-
tionsinFig. 5 are averages over 200 particles across all selected flights.
Data from aerosol layers, such as tropospheric pyroCb encounters,
have been removed for clarity.

Particle concentration and size measurements with DPOPS

The DPOPSinstrument onboard the ER-2 aircraft sampled ambient par-
ticlesisokinetically and measured the particle concentration and size
distribution betweena diameter of 0.14 and 2.5 pminsitu*®. Thisinstru-
ment used a405-nm diode laser to count and size individual particles
vialight scattering, ataresolution of 1 Hz (ref. 54). The particle counting
efficiency and sizing response were calibrated using size-classified
dioctyl sebacate particles (DOS; refractive index of 1.45 + 0i) and poly-
styrene latex beads (PSL; refractiveindex of 1.615 + 0.001i) in the labo-
ratory. As aroutine, instrument performance was checked after each
flight using 300-nm PSL. Ambient particle sizes were measured with a
sample flow rate of 0.8  min™. In this study, the particle size distribu-
tion was reported in 36 non-uniformly spaced bins. The system was
specifically developed for high-altitude aircraft deployment and is
capable of autonomous operation throughout the troposphere and
lower stratosphere*®.

Particle sample collection with mini-MOUDI

The integration of a mini-MOUDI instrument into the DPOPS system
enabled the collection of size-fractionated aerosol particles for subse-
quent offline analyses. The mini-MOUDI instrument collected particles
byimpaction at various stages, covering diameters from 0.32t0 3.2 um.
More details are provided in Supplementary Note 2.

Offline chemical imaging of individual particles

STXM and NEXAFS were used to spatially resolve the chemical bonding
and oxidation state of the carbon in individual particles*’. Measure-
ments were conducted on beamline 5.3.2.2 at the Lawrence Berkeley
National Laboratory, Berkeley, California, and beamline 10ID-1 at the
Canadian Light Source, Saskatoon, Saskatchewan, Canada. Images
were taken at the carbon K-edge (278-320 eV) to probe the chemical
bonding of the carbon and quantify the relative contributions from
organic carbon, elemental carbon and total inorganic components,
which allowed further assessment of the per particle organic volume
fraction and chemical mixing state characteristics® . More details
are provided in Supplementary Note 2.

Water vapour measurements with HWV

The water vapour data shown here were measured by the HHH detec-
tion axis, one of two detection methods employed by the HWV instru-
ment*® mounted in the nose of an underwing pod. HHH measures
water vapour via direct (Beer’s Law) absorption in the near-infrared,
utilizing atunable diode laser witha narrow linewidth and a multipass
Herriott cell withatotal pathlength of ~-10 m. HHH uses a fibre-coupled
1.4-pm distributed-feedback laser to scan over astrong water absorp-
tion feature, in this case a single rotational-vibrational transition at
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7,181.16 cm™. The Herriott cell consisted of two 3-inch mirrors embed-
ded, 10.2 cm apart, in the walls of the HWV primary sample duct. The
direct absorption method employed by HHH permits the determina-
tion of ambient water vapour mixing ratios directly from the observed
absorption feature, with known spectroscopic parameters published
inthe HITRAN database® and high-accuracy pressure and temperature
measurements made immediately downstream of the multipass cell.

Methane measurements with HUPCRS

The HUPCRS consists of a G2401-m Picarro gas analyser (methane,
carbon dioxide and carbon monoxide) repackaged in a temperature-
controlled pressure vessel, a separate calibration system with two
multi-species gas standards, and an external pump and pressure con-
trolassembly designed to allow operation at awide range of altitudes®".
The Picarro analyser uses wavelength-scanned cavity ringdown spec-
troscopy technology to individually measure and report each trace
gas. Cavity ringdown spectroscopy is an optical absorption technique
in which a laser beam is introduced into an optical cavity containing
asample gas. The decay rate of the laser intensity (ringdown time),
which is proportional to the trace gas concentration, is measured.
This method is highly sensitive, enabling detection at sub-ppb levels,
and offers robust performance under both laboratory and field condi-
tions. Datawere recorded every 2.2 s and reported every second with
0.2-ppbv in-flight uncertainty for methane.

Meteorological measurements and feature analysis

The Meteorological Measurement System instrument® was used
to provide meteorological parameters, such as temperature, pres-
sure, GPS altitude, latitude and longitude. Tropopause altitudes
were computed using hourly output from version 5 of the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) rea-
nalysis, ERA5°, based on the World Meteorological Organization
lapse-rate tropopause definition, and were interpolated in space
and time to identify overshoots. For DCOTSS2-specific ERAS reanal-
ysis, see ref. 10. Tropopause-overshooting convection was identi-
fied using ground-based radar® and geostationary satellite’ data.
Two-dimensional, isentropic forward trajectories driven by ERAS winds
were initialized every 10 min in radar- and satellite-identified over-
shoots at -2-km horizontal resolution and 0.5-km vertical resolution,
and advected forward up to five days with positions saved at 10-min
intervals. These trajectories are outlined in greater detail in ref. 71.
Trajectory particles that coincided witheach flight track were evaluated
incombination with in situ water vapour enhancements to subjectively
identify periods where measurements in convectively influenced air
were obtained. The age of each convectively influenced observation
was determined as the time between overshooting occurrence and
aircraft observation’.

Convection was identified by water vapour enhancement above
the stratospheric background that coincided with LS overshooting
trajectory forecast locations. The delineation between recent and
aged convections was based on the time since overshooting. ‘Recent’
is defined as 6 h to 1.5 days and ‘aged’ as 1.5 to 5 days'®. Observations
classified as the local background required >5 days since convective
influence as well as low variability in trace gas concentrations. If the
local background observation was in the stratosphere, it was termed
‘stratospheric background’. Active convection, <6 h since convective
overshooting, was eliminated from our analysis as these air parcels con-
tained cloudice crystals, which have been shown to create particulate
and other artefacts due to impaction on aircraft and inlet surfaces*.

Data availability

DCOTSS aircraft datathat support the findings of this study are publicly
availableatthe NASA AtmosphericScience Data Center (https://doi.org/
10.5067/ASDC/DCOTSS-Aircraft-Data_1)". Raw data underlying the
figures are available on request.

References

51. Pittman, J. V. et al. Aircraft observations of biomass burning
pollutants in the equatorial lower stratosphere over the tropical
western Pacific during boreal winter. Atmos. Chem. Phys. 25,
7543-7562 (2025).

52. Bowman, K. P. et al. The Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) Project. Bull. Am. Meteorol. Soc.

https://doi.org/10.1175/BAMS-D-24-01771 (2025).

53. Thomson, D. S., Schein, M. E. & Murphy, D. M. Particle analysis by
laser mass spectrometry WB-57F instrument overview. Aerosol
Sci. Technol. 33, 153-169 (2000).

54. Gao, R.S. et al. A light-weight, high-sensitivity particle
spectrometer for PM2.5 aerosol measurements. Aerosol Sci.
Technol. 50, 88-99 (2016).

55. Tomlin, J. M. et al. Chemical composition and morphological
analysis of atmospheric particles from an intensive bonfire
burning festival. Environ. Sci. Atmos. https://doi.org/10.1039/
D2EAOOO037G (2022).

56. Tomlin, J. M. et al. Chemical imaging of fine mode atmospheric
particles collected from a research aircraft over agricultural
fields. ACS Earth Space Chem. 4, 2171-2184 (2020).

57. Tomlin, J. M. et al. Impact of dry intrusion events on the
composition and mixing state of particles during the winter
Aerosol and Cloud Experiment in the Eastern North Atlantic
(ACE-ENA). Atmos. Chem. Phys. 21, 18123-18146 (2021).

58. Fraund, M. et al. Quantitative capabilities of STXM to measure
spatially resolved organic volume fractions of mixed organic/
inorganic particles. Atmos. Meas. Tech. 12, 1619-1633 (2019).

59. Fraund, M. et al. Elemental mixing state of aerosol particles
collected in central Amazonia during GoAmazon2014/15.
Atmosphere 8, 173 (2017).

60. Laskin, A. etal. A new approach to determining gas-particle
reaction probabilities and application to the heterogeneous
reaction of deliquesced sodium chloride particles with gas-phase
hydroxyl radicals. J. Phys. Chem. A 110, 10619-10627 (2006).

61. Moffet, R. C., Henn, T., Laskin, A. & Gilles, M. K. Automated
chemical analysis of internally mixed aerosol particles using
X-ray spectromicroscopy at the carbon K-edge. Anal. Chem. 82,
7906-7914 (2010).

62. Moffet, R. C. et al. Morphology and mixing of black carbon
particles collected in central California during the CARES field
study. Atmos. Chem. Phys. 16, 14515-14525 (2016).

63. O'Brien, R. E. et al. Chemical imaging of ambient aerosol particles:
observational constraints on mixing state parameterization.

J. Geophys. Res. Atmos. 120, 9591-9605 (2015).

64. Jimenez, J. L. et al. Evolution of organic aerosols in the
atmosphere. Science 326, 1525-1529 (2009).

65. Rivera-Adorno, F. A. et al. Estimating viscosity of individual
substrate-deposited particles from measurements of their
height-to-width ratios. Aerosol Sci. Technol. 58, 401-410 (2023).

66. Gordon, I. E. et al. The HITRAN2020 molecular spectroscopic
database. J. Quant. Spectrosc. Radiat. Transf. 277, 107949
(2022).

67. Scott, S. G., Bui, T. P, Chan, K. R. & Bowen, S. W. The
meteorological measurement system on the NASA ER-2 aircraft.
J. Atmos. Ocean. Technol. 7, 525-540 (1990).

68. Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteor.
Soc. 146, 1999-2049 (2020).

69. Cooney, J. W., Bowman, K. P., Homeyer, C. R. & Fenske, T. M. Ten
year analysis of tropopause-overshooting convection using
GridRad data. J. Geophys. Res. Atmos. 123, 329-343 (2018).

70. Griffin, S. M., Bedka, K. M. & Velden, C. S. A method for calculating
the height of overshooting convective cloud tops using
satellite-based IR imager and CloudSat cloud profiling radar
observations. J. Appl. Meteorol. Climatol. 55, 479-491(2016).

Nature Geoscience


http://www.nature.com/naturegeoscience
https://doi.org/10.5067/ASDC/DCOTSS-Aircraft-Data_1
https://doi.org/10.5067/ASDC/DCOTSS-Aircraft-Data_1
https://doi.org/10.1175/BAMS-D-24-0177.1
https://doi.org/10.1039/D2EA00037G
https://doi.org/10.1039/D2EA00037G

Article

https://doi.org/10.1038/s41561-025-01821-1

71. Homeyer, C. R. et al. Extreme altitudes of stratospheric hydration
by midlatitude convection observed during the DCOTSS field
campaign. Geophys. Res. Lett. 50, e2023GL104914 (2023).

72. Homeyer, C. R. et al. Stratospheric hydration processes in
tropopause-overshooting convection revealed by tracer-tracer
correlations from the DCOTSS field campaign. J. Geophys. Res.
Atmos. 129, €2024JD041340 (2024).

73. Homeyer, C. Dynamics and chemistry of the summer stratosphere
airborne data products. NASA Langley Atmospheric Science Data
Center Distributed Active Archive Center https://doi.org/10.5067/
ASDC/DCOTSS-AIRCRAFT-DATA_1(2022).

Acknowledgements

The DCOTSS mission and subsequent analyses were supported by
NASA under grants nos. 8ONSSC19K1058 (A.L., D.J.C., D.M.M,, F.A.R.-A.,
G.PS., J.LJ,MF,TEO,RC.M,S.A.L.S.and X.S.), BONSSC19K0326
(F.N.K., J.AD., J.B.S,, JV.P.and Y.L.), BONSSC19K0341 (K.P.B.) and
80NSSC19K0347 (C.R.H.). We thank the DCOTSS flight and all the
science teams. Special thanks go to the NASA Earth Science Project
Office and ER-2 flight and ground crews for their assistance and support.
We also thank K. D. Froyd, D. S. Thomson, K. Slovacek, M. Lawler and

M. Abou-Ghanem for supporting the development of PALMS-NG.

We thank E. Ray for discussions on the two-step process of

convective overshoot.

Author contributions

X.S. analysed data, produced tables and figures, and was the lead
writer of the paper. D.J.C. assisted with data interpretation and
preparation of the paper. J.L.J., X.S. and D.J.C. collected data. G.P.S.
and D.M.M. had important roles in PALMS-NG development. Y.L.,

J.A.D. and F.N.K. provided DPOPS results, designed the mini-MOUDI
sampling methods and collected filter samples, and helped with
discussions on climate impact. S.A.L.S., F.A.R.-A,, TE.O., M.F,, R.C.M.
and A.L. provided STXM/NEXAFS results, and helped with the
discussion on stratospheric ozone impact. JV.P. provided HUPCRS
data and discussions on the tropical origin of the air. J.B.S. was the
instrument-aircraft lead and provided water vapour results. C.R.H. was
the science investigation manager and data manager for DCOTSS and
provided feature analysis results. K.P.B. was the principal investigator
of the DCOTSS mission and provided general comments on this paper.
All authors contributed to the final text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41561-025-01821-1.

Correspondence and requests for materials should be addressed
to X. Shen.

Peer review information Nature Geoscience thanks Jianmin Chen and
the other, anonymous, reviewers for their contribution to the peer
review of this work. Primary Handling Editors: Camilla Brunello,

Xujia Jiang and Carolina Ortiz Guerrero, in collaboration with the
Nature Geoscience team.

Reprints and permissions information is available at
www.nhature.com/reprints.

Nature Geoscience


http://www.nature.com/naturegeoscience
https://doi.org/10.5067/ASDC/DCOTSS-AIRCRAFT-DATA_1
https://doi.org/10.5067/ASDC/DCOTSS-AIRCRAFT-DATA_1
https://doi.org/10.1038/s41561-025-01821-1
http://www.nature.com/reprints

	Stratospheric aerosol perturbation by tropospheric biomass burning and deep convection

	Unexpected complexity of stratospheric aerosol particles

	Potential mechanisms responsible for the observations

	Stratospheric chemistry and climate implications

	Increased perturbation in the observed stratosphere

	Online content

	Fig. 1 Schematic representation of stratospheric dynamics and particles.
	Fig. 2 Selected flight tracks and number fractions of stratospheric particles (from 31 May to 27 June 2022).
	Fig. 3 Chemical composition of stratospheric particles.
	Fig. 4 Vertical profiles of water vapour and particles.
	Fig. 5 Vertical profiles of three main stratospheric particle types.




