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Stratospheric aerosol perturbation by 
tropospheric biomass burning and  
deep convection
 

X. Shen    1  , J. L. Jacquot    1, Y. Li    2, S. A. L. Sharpe    3, J. A. Dykema2, 
G. P. Schill    4, K. P. Bowman    5, C. R. Homeyer    6, M. Fraund    7, R. C. Moffet    8, 
T. E. Olayemi    3, J. V. Pittman    2, F. A. Rivera-Adorno    3, D. M. Murphy    1,4, 
J. B. Smith    2, A. Laskin    1,3, F. N. Keutsch    2,9,10 & D. J. Cziczo    1

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 0.1 to 
1.5 µm in a 4-km layer above the tropopause during an active fire season in 
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 ago1. This layer had a particle number concentration of 
~0.1 cm−3, diameters ranging from 0.2 to 4 µm, and spanned an altitude 
range from the tropopause to over 25 km (refs. 1,2). It has been con-
sidered spatiotemporally stable1,2; particles in this layer may persist 
in the lower stratosphere (LS; approximately 5 km above the tropo-
pause3) with long decay times from months to years, due to the rela-
tively small sedimentation velocity of submicrometre particles and 
limited vertical mixing4,5. There are three distinct categories of particle 

populations in the LS (Fig. 1): (1) particles composed of relatively pure 
sulfuric acid, formed in situ by the oxidation of sulfur-containing gases; 
(2) sulfate-coated meteoric (MT) particles1,6 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 origin1,2,6.

Aerosol investigations have yielded insight into stratospheric 
dynamics7. There are several mechanisms by which tropospheric par-
ticles enter the stratosphere: (1) uplift via convection through the 
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The transport of particles from violent BB events into the strato-
sphere has been intense in recent years, with some layer tops reaching 
more than 20 km (ref. 5). More recently, the Australian New Year Super 
Outbreak (ANYSO), also known as ‘Black Summer’, was a particularly 
intense bushfire season spanning 2019–202014–16. 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 at an altitude 1–2 km above the local tropopause17, while 18 events 
were observed to detrain in the UT and self-loft to the stratosphere15. 
The smoke plumes in the stratosphere were observed to rise, ultimately 
reaching an altitude of ~35 km through self-lofting16. The injected cumu-
lative particle mass (~1 Tg) from ANYSO was comparable to moderate 
volcanic eruptions16. The plumes not only affected the Southern but 
also the Northern Hemisphere, due to stratospheric circulation18.

Increasing attention is being given to the likely enhancement of 
wildfire frequency and intensity due to climate change19,20. Based on 
data from the National Interagency Fire Center, the area burnt in the 
United States has increased since the 1970s and is expected to increase 
further19. 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 change21. 
Together, this suggests a potential increase in the fraction of tropo-
spheric particles, particularly BB particles, reaching the UT/LS.

Once present in the stratosphere, tropospheric particles can pro-
vide surfaces for heterogeneous reactions, including those involved 
in stratospheric ozone chemistry22. These particles may also undergo 
long-range transport and ultimately can scatter or absorb solar and ter-
restrial radiation, thereby impacting the global climate23. The impact of 
deep convection on direct 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. 

tropical tropopause layer (TTL) to the stratosphere; (2) quasi-isentropic 
mixing of tropospheric and stratospheric air across the subtropical 
jet from 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 articles3,8. 
Overshooting convection in tropical and extratropical regions has 
complicated dynamic processes, potentially creating efficient direct 
pathways for the transport of tropospheric particles into the LS9,10. 
Additionally, tropospheric particles can be lofted first to the UT and 
subsequently mixed across the tropopause, which plays an important 
role in particle transport in the UT/LS (Supplementary Background). 
Both direct and indirect pathways between the troposphere and strato-
sphere remain understudied.

Of particular importance to this study are intense wildfire events, 
which can spawn convective clouds known as pyrocumulonimbus 
(pyroCb)9. Powerful updrafts associated with pyroCb storms can lift 
biomass burning (BB) particles into the UT and, occasionally, directly 
into the LS9,11. Wildfire smoke has been observed in the stratosphere 
by means of in situ carbon monoxide measurements since at least 
199412. 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)13. An enhancement in particle 
number concentration was observed at an altitude of ~1 km above the 
local tropopause, with BB particles identified by their distinct chemical 
signature13. Such an intrusion of BB particles into the stratosphere was 
hypothesized by Jost et al.13 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).
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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 (SO2) and carbonyl sulfide (OCS)), 

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)40. Meteoric 
and biomass burning also contribute to internally mixed particles, which are 
reported in this study.
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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 models8,24.

In this Article we investigate the potential implications of deep 
convection on stratospheric aerosols based on results 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 techniques indepen-
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 a recently 
developed single-particle mass spectrometer (PALMS-Next Generation 
(PALMS-NG))25, 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 
(SO)26. The unambiguous identification of BB particles is demonstrated 
by observations during a flight that encountered smoke plumes ~1 km 
below the tropopause (Supplementary Fig. 1) from an identified pyroCb 
event, associated with five-day-old pyroCb smoke over the central 
United States (details are discussed in a study by Li et al.27).

CS particles, based on measurements from the tropopause to 
5.5 km 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 µm centred at ~0.35 µm (physical 
diameter, Dp) (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 than 4 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. 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 artefacts46. b, The basemap 
(WorldRelief in 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.
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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. 3c 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 apparent increase 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-
cles with Dp from 0.1 to 1.5 µm were 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 air28. As shown in Fig. 4a, LS background water vapour 
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mixing ratios were ~4 ppmv, 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 
it is 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 mixing ratio < 4 ppm) and had 
high methane mixing ratios (>1,840 ppbv) (Supplementary Fig. 3), 
consistent with air originating from the TTL29 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 concentration in the CISL. The water vapour 
mixing ratio is in agreement with the vertical distribution of overshoot-
ing volume30 and observed overshooting depth21,31. 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-
nism of particle intrusion—direct injection into the LS via overshooting 
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 measurements32 
are recommended.

Stratospheric chemistry and climate implications
The presence of tropospheric particles, particularly BB particles, in 
the LS increases and changes the composition of particle surface area 
available for heterogeneous reactions, and this is of particular impor-
tance for ozone chemistry. Most of the chlorine accumulated in the LS 
exists as HCl and ClONO2 species. These compounds can undergo het-
erogeneous photochemical reactions on the surfaces of particles and 
ice crystals, leading to the formation (‘activation’) of highly reactive Cl 
radicals that damage the stratospheric ozone layer33. Our observations 
of organic acids and chlorine compounds in BB particles (Fig. 3a), along 
with an increase in chlorine signals in these particles with respect to 
altitude in the LS during DCOTSS2 (Supplementary Fig. 4), suggests the 
possibility that HCl was being incorporated into LS particles, consistent 
with laboratory and model studies22,34. We calculated the average mass 
fraction of organics relative to sulfate for BB and SO particles to be 
~68% in the CISL (Supplementary Fig. 5). We term this the ‘organic-rich 
layer’. Photolysis of particulate organics in the stratosphere has been 
suggested to be slow35, leading to their persistence. This persistence 
of the organic mass fraction could increase HCl solubility in the parti-
cles, thereby potentially contributing to ozone loss34. This requires a 
dedicated modelling study in the future.

The offline chemical imaging analysis of collected stratospheric 
particles indicates the presence of alkene species. Alkene double bonds 
might act as potential sites for ozone reactions. The available double 
bonds (~0.003 ppbv) are 10−5 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.

All stratospheric BB particles measured here contained sulfate, in 
notable contrast to the fresh BB particles often sampled in the tropo-
sphere36. The volume-weighted diameter of stratospheric BB particles 
exhibited a peak at ~0.4 µm (Fig. 3b), larger than the 0.25-µm peak 
from fresh BB particles across various biofuels and burn conditions37. 
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However, these particles were smaller than those observed in some 
aircraft measurements of pyroCb-influenced BB particles, with >0.5-µm 
mean diameter11,27. This size discrepancy probably reflects disparate 
cloud processing and condensation of sulfuric acid in the UT/LS27. 
These modified BB particles, as compared to relatively fresh material, 
will have different chemical reactivity and radiative forcing24.

BB particles have generally not been found to be effective ice 
nucleating particles, although the role of organic components 
remains uncertain38. BB particles and their associated organic com-
ponents, although inefficient at ice nucleation, could ultimately have 
an impact on UT cirrus ice cloud formation due to the increase in 
concentration38,39. There are only a few studies of the ice nucleating 
particle efficiency of MT particles40,41, and the observed MTBB particles 
are a particle type with an 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 mass in 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 forcing42 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 forcing43, and the sign and magnitude of this 
change require further study.

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

Increased perturbation in the 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 extreme13. 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, 
July 2002) and the Pre-Aura Validation Experiment (Pre-AVE; Houston 
Texas, United States and San Jose, Costa Rica, 0° to 30° N, January and 
February 2004)26. 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 to have a 1-km CISL. The DCOTSS2 
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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)26 are shown for comparison. 
The profiles in all cases show similar distributions in the troposphere and at 

>4.5 km 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.
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observations, conducted during a more 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 LS44, 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 do not accurately account for the injected tropospheric 
particles, which limits their ability to simulate aerosol impacts on radia-
tive forcing and chemistry in this critical atmospheric region8,24. To our 
knowledge, modelling studies of the potential impact of geoengineering 
scenarios similarly do not have a treatment of tropospheric particles, 
resulting in inaccurate modelling of both intentional and unintentional 
perturbations of stratospheric chemistry and climate impacts45.
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tributions and competing interests; and statements of data and code 
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Methods
NASA DCOTSS2
The primary goal of DCOTSS was to determine the extent to which 
convection impacts the dynamics and chemistry of the summer strato-
sphere. Flights targeted LS air impacted by overshooting convection 
observed by ground-based radar and geostationary satellite imagery. 
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 a recently developed single-particle mass spectrom-
eter, PALMS-NG25, which determined the chemical composition and size 
of individual particles. Concurrently, DPOPS was deployed to measure 
particle concentration and size48. 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-
cles by synchrotron-based STXM coupled with NEXAFS49. 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 HWV50 instrument (housed 
in the wing pod) and the Harvard University Picarro Cavity Ringdown 
Spectrometer (HUPCRS)51 (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 
Bowman et al.52.

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 on 31 May and 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 
and inlet surfaces (for example, stainless steel and paint fragments)46.

PALMS-NG
PALMS-NG has been described previously25,40. In brief, ambient aerosol 
is focused and accelerated via a custom aerodynamic lens. The sam-
ple flow rate is ~0.75 l min−1. 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 (da) is 
determined. The detection signal triggers an ArF excimer laser that 
emits a 193-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 (sTOF MS), producing bipolar mass 
spectra from individual particles. Compared to the original flight 
PALMS53, PALMS-NG has improved size range, particle detection and 
mass resolution25.

Particles were identified based on their mass spectra, consistent 
with the method used for historic PALMS data. Particles were grouped 
into nine default classes47. 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 
as those with a low signal-to-noise ratio such that definitive classifica-
tion was uncertain).

It is 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  

73 FeOH+, and the BB-related signature is a mixture of potassium (m/z 
39 and 41 K+), organics (for example, organic acids with signature at 
m/z 45 COOH−, 59 CH2COOH− and 73 C2H4COOH−), sulfate (m/z 32 S+,  
48 SO+, 64 SO2

+, 81 HSO3
−, 96 SO4

−, 97 HSO4
− and 99 H3SO4

−) and chlorine 
compounds (m/z 35 and 37 Cl−).

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 0 to 5.5 km above the tropopause. Details of the method 
are available in our previous study47.

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 
the feature in the perturbed layer. The MT, sulfate and CS number frac-
tions in Fig. 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 DPOPS instrument onboard the ER-2 aircraft sampled ambient par-
ticles isokinetically and measured the particle concentration and size 
distribution between a diameter of 0.14 and 2.5 µm in situ48. This instru-
ment used a 405-nm diode laser to count and size individual particles 
via light scattering, at a resolution 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; refractive index of 1.615 + 0.001i) in the labo-
ratory. As a routine, instrument performance was checked after each 
flight using 300-nm PSL. Ambient particle sizes were measured with a 
sample flow rate of 0.8 l min−1. 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 stratosphere48.

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 
by impaction at various stages, covering diameters from 0.32 to 3.2 µm. 
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 particles49. 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 characteristics55–65. 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-
ment50 mounted in the nose of an underwing pod. HHH measures 
water vapour via direct (Beer’s Law) absorption in the near-infrared, 
utilizing a tunable diode laser with a narrow linewidth and a multipass 
Herriott cell with a total path length of ~10 m. HHH uses a fibre-coupled 
1.4-μm distributed-feedback laser to scan over a strong water absorp-
tion feature, in this case a single rotational-vibrational transition at 

http://www.nature.com/naturegeoscience
https://dcotss.org/


Nature Geoscience

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

7,181.16 cm−1. 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 
in the HITRAN database66 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-
trol assembly designed to allow operation at a wide range of altitudes51. 
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 
a sample 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. Data were 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 instrument67 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, ERA568, based on the World Meteorological Organization 
lapse-rate tropopause definition, and were interpolated in space 
and time to identify overshoots. For DCOTSS2-specific ERA5 reanal-
ysis, see ref. 10. Tropopause-overshooting convection was identi-
fied using ground-based radar69 and geostationary satellite70 data. 
Two-dimensional, isentropic forward trajectories driven by ERA5 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 with each flight track were evaluated 
in combination 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 observation72.

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 days10. 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 cloud ice crystals, which have been shown to create particulate 
and other artefacts due to impaction on aircraft and inlet surfaces46.

Data availability
DCOTSS aircraft data that support the findings of this study are publicly 
available at the NASA Atmospheric Science Data Center (https://doi.org/ 
10.5067/ASDC/DCOTSS-Aircraft-Data_1)73. Raw data underlying the 
figures are available on request.
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