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Abstract. During the monsoon season of the year 2017
the airborne StratoClim mission took place in Kathmandu,
Nepal, with eight mission flights of the M-55 Geophys-
ica in the upper troposphere–lower stratosphere (UTLS) of
the Asian monsoon anticyclone (AMA) over northern In-
dia, Nepal, and Bangladesh. More than 100 events of new
particle formation (NPF) were observed. In total, more than
2 h of flight time was spent under NPF conditions as indi-
cated by the abundant presence of nucleation-mode aerosols,
i.e. with particle diameters dp smaller than 15 nm, which
were detected in situ by means of condensation nuclei count-
ing techniques. Mixing ratios of nucleation-mode particles
(nnm) of up to ∼ 50 000 mg−1 were measured at heights of
15–16 km (θ ≈ 370 K). NPF was most frequently observed
at ∼ 12–16 km altitude (θ ≈ 355–380 K) and mainly below
the tropopause. Resulting nnm remained elevated (∼ 300–
2000 mg−1) up to altitudes of ∼ 17.5 km (θ ≈ 400 K), while
under NPF conditions the fraction (f ) of sub-micrometre-
sized non-volatile residues (dp> 10 nm) remained below
50 %. At ∼ 12–14 km (θ ≈ 355–365 K) the minimum of f
(< 15 %) was found, and underneath, the median f gen-
erally remains below 25 %. The persistence of particles at

nucleation-mode sizes is limited to a few hours, mainly due
to coagulation, as demonstrated by a numerical simulation.
The frequency of NPF events observed during StratoClim
2017 underlines the importance of the AMA as a source re-
gion for UTLS aerosols and for the formation and mainte-
nance of the Asian tropopause aerosol layer (ATAL). The
observed abundance of NPF-produced nucleation-mode par-
ticles within the AMA is not unambiguously attributable to
(a) specific source regions in the boundary layer (accord-
ing to backward trajectory analyses), or (b) the direct sup-
ply with precursor material by convective updraught (from
correlations of NPF with carbon monoxide), or (c) the re-
cent release of NPF-capable material from the convective
outflow (according to air mass transport times in the tropi-
cal tropopause layer, TTL). Temperature anomalies with1T
of 2 K (peak-to-peak amplitude), as observed at a horizon-
tal wavelength of ∼ 70–100 km during a level flight of sev-
eral hours, match with NPF detections and represent an ad-
ditional mechanism for local increases in supersaturation of
the NPF precursors. Effective precursor supply and widely
distributed temperature anomalies within the AMA can ex-
plain the higher frequency of intense NPF observed during
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StratoClim 2017 than all previous NPF detections with CO-
PAS (COndensation PArticle counting System) at TTL levels
over Brazil, northern Australia, or West Africa.

1 Introduction

Aerosol particles in the upper troposphere–lower strato-
sphere (UTLS) influence the radiative balance of the Earth’s
atmosphere, stratospheric chemistry, and properties of cir-
rus clouds near the tropopause (Kremser et al., 2016). UTLS
aerosols are mainly composed of sulfuric acid (H2SO4), ni-
tric acid (HNO3), water (H2O), and organic compounds. Ad-
ditionally, the particles include fractions of non-volatile (or
refractory) material (e.g. Froyd et al., 2010; Borrmann et al.,
2010; Murphy et al., 2014; Schneider et al., 2021). Non-
volatile components of stratospheric aerosol particles orig-
inate from (1) natural tropospheric sources, e.g. volcanoes,
biomass burning, or pyro-cumulonimbus, or (2) from mete-
oric ablation, or (3) they are anthropogenic, as, for instance,
space debris, rocket exhaust fumes, and products from com-
bustion (Kremser et al., 2016). Chemical and microphysical
processes, which involve the stratospheric aerosol, could be
influenced by solutes that, for example, had previously been
constituents of the refractory aerosol compounds. Soot, min-
eral dust, fly ashes, metal-containing condensates, inorganic
salts, and other species probably make up the largest share
of the non-volatile components of aerosol particles in the
UTLS. In the tropics, underneath the tropopause, the num-
ber of non-volatile fine-mode particles (i.e. smaller than 1 µm
and larger than 10 nm in diameter dp) typically exhibits a
characteristic minimum, resulting in a fraction of ∼ 20 %
(and less) of non-volatile aerosol particles (cf. Borrmann
et al., 2010; Weigel et al., 2011). Above the tropopause, at
potential temperatures greater than 390–400 K, a maximum
contribution of non-volatile aerosol constituents seldom ex-
ceeds 50 % (see e.g. Borrmann et al., 2010). Schneider et al.
(2021) recently provided laser ablation mass spectrometric
analyses of refractory particles in the LS region between the
Equator and the Arctic, which indicate detectable signatures
of meteoric ablation material at all sample locations in the
LS. They assume that the meteoric ablation material is partly
present as a solute or as insoluble inclusion within strato-
spheric H2SO4–H2O droplets.

In general, the typical particle size distribution of the
stratospheric aerosol is characterised by processes such as
formation of new particles and their coagulation, the con-
densation of saturated vapours, and the evaporation as well
as removal when the largest particles sediment. In the trop-
ics, above the level of zero net radiative heating, where scav-
enging is lacking in the absence of clouds, aerosol particles
are available for isentropic dispersion or upward transport
into the stratosphere. Sedimentation or isentropic transport
and mixing remove particles from the stratosphere (Thoma-

son and Peter, 2006; Kremser et al., 2016). Moreover, the
aerosol removal from the stratosphere occurs with particu-
lar efficiency via large-scale air mass subsidence in the polar
winter vortex in both the Arctic (Weigel et al., 2014) and the
Antarctic (Campbell and Deshler, 2014).

The process of new particle formation (NPF) is consid-
ered to be one of the most important sources of the H2SO4–
H2O solution droplets prevailing in the UT and tropical
tropopause layer (TTL) (Brock et al., 1995). The reser-
voir of stratospheric H2SO4 is maintained by oxidation of
gaseous precursors like sulfur dioxide (SO2), carbonyl sul-
fide (OCS), and carbon disulfide (CS2) or dimethyl sulfide
(C2H6S) (Thomason and Peter, 2006; Kremser et al., 2016).
These species can originate from sea surface emissions, from
volcanism, or from anthropogenic pollution, and they often
undergo long-range transport before reaching the TTL (e.g.
Law et al., 2010). Sporadically, explosive volcanism injects
large quantities of SO2 directly into the stratosphere. Weaker
volcanic eruptions (with a mean vertical explosion index of
about 4) also contribute significantly by delivering volcanic
sulfur species indirectly via the TTL into higher altitudes
(Vernier et al., 2011b; Kremser et al., 2016). Although SO2
is efficiently bound within clouds during convective uplift
and dissolved in cloud hydrometeors, cloud-resolving model
calculations suggest that SO2 proportions, which range from
only 30 % (Ekman et al., 2006) up to 40 %–90 % (Barth et al.,
2001), reach the outflow region of deep convection largely
consistent with estimates by Crutzen and Lawrence (2000).
Laboratory investigations by Jost et al. (2017) yielded a com-
paratively moderate retention coefficient (0.2–0.5) of SO2 in
the ice phase of clouds compared to a retention of 100 % for
hydrochloric acid (HCl) and for nitric acid (HNO3) (Jost et
al., 2017). Hence, large fractions of the in-cloud dissolved
SO2 leave the cloud ice composite as soon as the cloud par-
ticles freeze or when riming occurs. Alternatively, the SO2,
which remains in the cloud ice composite, is entirely released
when the ice particles sublimate in the convective outflow re-
gion or below, while the ice particles sediment. Rollins et al.
(2017) presented the results of in situ SO2 measurements at
up to 19 km altitude over the Gulf of Mexico and compared
these with both model results and satellite observations. Gen-
erally, at altitudes between 8 and 15 km, the mean values of
SO2 mixing ratio vary between 5 and 800 pmolmol−1 in the
Northern Hemisphere, between 8 and 120 pmolmol−1 in the
tropics, and between 5 and 20 pmolmol−1 in the Southern
Hemisphere (Kremser et al., 2016). Enhanced SO2 mixing
ratios in the vicinity of the tropopause are often observed in
connection with the uplift of polluted air masses by warm
conveyor belts (WBCs) (Kremser et al., 2016). Apart from
sulfuric acid, also other species contribute to particle nucle-
ation and growth, such as organics (Metzger et al., 2010; Ker-
minen et al., 2010), amines (Kürten et al., 2018), or ammo-
nia (e.g. Kirkby et al., 2011; Kürten, 2019). Given the quan-
tity of organics (Murphy et al., 2006) and ammonia species
(Höpfner et al., 2019) which were found in aerosol particles
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at UT and TTL heights in the AMA during the StratoClim
2017 mission, such compounds can act as agents promoting
NPF in the UT and TTL region.

1.1 New particle formation

New particle formation (NPF) comprises (1) the initial com-
bination of molecules into clusters (of ∼ 1 nm diameter) and
(2) their subsequent growth to larger diameters (Kulmala
et al., 2013). Nucleation-mode aerosol particles with a di-
ameter (dp) of at least 3 nm frequently form in consider-
able quantities from gaseous precursors. Once formed, the
particles are subject to altering processes (e.g. coagulation,
growth by condensation of water vapour and other gases,
evaporation, and scavenging). Within the entire atmosphere,
NPF seems ubiquitous as was demonstrated by various stud-
ies and observations of NPF’s occurrence:

– at or close to the surface (Kulmala et al., 2004; Niemi-
nen et al., 2018)

– at elevated altitudes within the boundary layer (e.g.
Bianchi et al., 2021; Sellegri et al., 2019; Wehner et al.,
2015; Crumeyrolle et al., 2010; Venzac et al., 2008)

– in the boundary layer and in the free troposphere under
the direct influence of volcanic activity (e.g. Sahyoun
et al., 2019)

– up to tropopause altitudes and the TTL region (Kermi-
nen et al., 2018; Williamson et al., 2018, 2019).

Modelling studies suggest that the NPF process consti-
tutes one of the most important contributions (up to 45 %)
to global mean tropospheric concentrations of cloud con-
densation nuclei (CCN) activated at 0.2 % supersaturation
(Merikanto et al., 2009). Uncertainties remain concerning the
effectiveness of NPF, which complicates the implementation
of the NPF mechanism in global-scale simulations of aerosol
number densities (Yu et al., 2010; Zhang et al., 2010). Cham-
ber experiments, conducted at temperatures similar to those
prevailing in the UT, and also numerical simulations confirm
that the UT constitutes an important source region for atmo-
spheric particles (Kürten et al., 2016; Dunne et al., 2016).

Based on airborne in situ observations of high particle
number concentrations together with high levels of particle
volatility in the cloud-free tropical UT, the conditions of NPF
occurrence were described for the first time by Brock et al.
(1995). Between 7 and 20 km altitude, fields of recent NPF
events were encountered in about 20 % of the probed flight
segments (Lee et al., 2004). High NPF productivity with the
largest nnm was observed particularly at the bottom TTL,
as shown by airborne measurements during missions over
Brazil and over northern Australia (Weigel et al., 2011). Re-
cently, a survey of NPF occurrence in the free troposphere
(∼ 0.2–12 km altitude) has suggested that the NPF-produced

Figure 1. (a) Flight patterns of the StratoClim 2017 mission over
Nepal, India, Bangladesh, and the Bay of Bengal. (b) Regions
with elevated number concentrations of nucleation-mode parti-
cles (Nnm, ambient conditions) of sizes in the diameter range of
6 nm<dp< 15 nm from COPAS (COndensation PArticle counting
System) measurements are indicated by the colour code and by
symbol size along the flight tracks.

particles persist (zonally almost invariant) as a globally ex-
tending band within the tropical UT, thereby covering 40 %
of the Earth’s surface (Williamson et al., 2019). At altitudes
between 12 and 20 km within the tropics, this had also been
reported by Borrmann et al. (2010).

Between 27 July and 10 August 2017, during the Asian
monsoon season, a total of eight scientific flights with
the high-altitude research aircraft M-55 Geophysica over
parts of the Indian subcontinent were performed from Kath-
mandu, Nepal (27◦42′3′′ N, 85◦21′42′′ E), during the Strato-
Clim 2017 mission (see Fig. 1 and also Bucci et al., 2020).
Some of these flights partly spanned out of Nepalese airspace
to eastern India, Bangladesh, and the northern part of the Bay
of Bengal. During StratoClim 2017, NPF was frequently ob-
served in the presence of ice cloud particles within cirrus or
in anvils of the convective outflow and is discussed in detail
in the companion paper (Weigel et al., 2021). Based on these
observations during StratoClim 2017, NPF turned out to be
largely unaffected by faint ice clouds that typically occur in
the TTL (Weigel et al., 2021). This study aims at discussing
the NPF encounters in their entirety as observed during the
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StratoClim 2017 mission in the UT and TTL region at alti-
tudes of up to 20 km in the Asian monsoon anticyclone.

1.2 The Asian monsoon anticyclone and the Asian
tropopause aerosol layer

The Asian monsoon anticyclone (AMA) represents one of
the most important circulation systems in the UTLS associ-
ated with deep convection over the Indian subcontinent and
beyond. From the beginning of June until about the end of
August, the large-scale anticyclone persists at altitudes from
the UT to the LS regions (e.g. Randel and Park, 2006; Park
et al., 2007), extending over longitudes from East Asia to the
Middle East and East Africa (e.g. Vogel et al., 2014, 2019).
The anticyclonic rotation of the system induces confinement
of air inside the AMA’s interior (Ploeger et al., 2015). Air
masses in the region of the Asian monsoon are rapidly lifted
by convection up to the maximum level of convective outflow
(∼ 360 K, corresponding to ∼ 13 km) followed by a slow di-
abatic lift superimposed on the anticyclonic motion (e.g. Vo-
gel et al., 2019). Within the AMA, young air is transported to
UTLS altitudes during boreal summer, and in this way var-
ious pollutants and other gaseous material (Glatthor et al.,
2015; Chirkov et al., 2016; Pan et al., 2016; Santee et al.,
2017) and in particular water vapour (Ploeger et al., 2013)
are lifted into the UTLS region. Based on satellite studies, the
existence of the aerosol layer at tropopause altitudes within
the AMA region (Asian tropopause aerosol layer, ATAL) was
demonstrated (Vernier et al., 2011a; Thomason and Vernier,
2013). The existence of the ATAL was further confirmed
by in situ balloon-borne backscatter measurements between
2013 and 2017 at different locations near the AMA centre
(Vernier et al., 2015, 2018; Brunamonti et al., 2018; Hanu-
manthu et al., 2020) and recent aircraft measurements of
Mahnke et al. (2021) or Fujiwara et al. (2021).

Hence, the constituents of the rising young air also include
precursor material from anthropogenic (Vernier et al., 2015;
Yu et al., 2015) and other sources. The NPF process in the
TTL region could contribute significantly to the formation
and persistence of ATAL as a source of additional aerosol
material (He et al., 2019). Once the boundary layer mate-
rial has reached UTLS levels within the AMA, the elevated
tropopause potential temperature during the monsoon sea-
son allows the material’s isentropic dispersion into the “over-
world” stratosphere (Pan et al., 2016). Three-dimensional
simulations with the Chemical Lagrangian Model of the
Stratosphere (CLaMS) and backward trajectory analyses
show that by the end of August, during the 2008 monsoon
season, air masses younger than 6 months reach the top
of the AMA at about 460 K potential temperature (corre-
sponding to ∼ 60 hPa). According to these simulations (Vo-
gel et al., 2019), air masses are lifted due to diabatic (ra-
diative) heating in an anticyclonic large-scale upward spiral
with ascent rates of about 1 K potential temperature per day
across the tropopause, consistent with the conclusions of pre-

vious works (Bergman et al., 2012; Garny and Randel, 2016;
Ploeger et al., 2017).

2 In situ instrumentation

2.1 Total number concentration of
sub-micrometre-sized particles

Particle number concentrations were measured in situ in
1 Hz resolution by means of a four-channel condensation
nuclei (CN) counter COPAS (COndensation PArticle count-
ing System; see Weigel et al., 2009). For reduction in the
statistical noise, the COPAS 1 Hz raw data (direct signal
of the scattered-light detectors) are preprocessed by apply-
ing a 15 s running average. Three of the four COPAS chan-
nels operate with different 50 % detection particle diame-
ters dp50 (i.e. 6, 10, and 15 nm). The fourth COPAS chan-
nel (with dp50= 10 nm) detects particles downstream of a
heated (270 ◦C) sample flow line, resulting in measured par-
ticle mixing ratios of non-volatile (nv) particle residues or
refractory particles (e.g. soot, mineral dust, metallic particle
material, etc.).

2.2 COPAS operation during StratoClim 2017

The sampling is carried out via the forward-facing aerosol in-
let of COPAS well outside the boundary layer of the aircraft.
For stratospheric particle concentrations, the COPAS mea-
surement uncertainty in the StratoClim 2017 data discussed
herein is about 15 %, which is due to particle counting statis-
tics and uncertainties in the volume flow. The measurement
properties of COPAS are described in detail by Weigel et al.
(2009), and its performance has been demonstrated by sev-
eral studies (Curtius et al., 2005; de Reus et al., 2009; Bor-
rmann et al., 2010; Frey et al., 2011; Weigel et al., 2011,
2014).

For StratoClim 2017, a new inlet configuration was used,
allowing both COPAS instruments to sample through a sin-
gle aerosol inlet, resulting in an almost doubled flow veloc-
ity through the sample tubes and reduced diffusional particle
loss. This set-up required the reanalysis of the corrections to
account for particle loss (Table 1) using the method intro-
duced by von der Weiden et al. (2009) with modifications
for low-pressure application. One of the four COPAS chan-
nels detects particle number densities of non-volatile parti-
cle residues downstream of a heated stainless steel tube (at
∼ 270 ◦C) (Appendix A).

2.2.1 NPF identification: definitions and notations

The particle densities are typically measured by COPAS in
particle number concentrations N (in cm−3; ambient con-
ditions) but are also presented here as mixing ratio n in
units of particles per milligram of air (mg−1) for consistent
comparisons of measurements from different pressure levels
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Table 1. Pressure-dependent corrections κL for number concentrations of nucleation-mode particles due to particle losses (36−15) in the
aerosol line configuration (both COPAS instruments attached to a single aerosol inlet) as deployed during StratoClim 2017 by using the
particle loss calculator (von der Weiden et al., 2009) modified for low-pressure applications; κL= 100/(100−36−15), corresponding to
Weigel et al. (2009).

Pressure,
hPa

Particle diameter, nm 36−15,
%

κL
(dimensionless)

6 7 8 9 10 11 12 13 14 15

Particle-size-dependent transmission efficiency, %
80 60 65 70 74 77 79 81 82.5 84 85 24.25 1.32
150 70 75 77.5 81 83 84.5 86.5 87.5 88.5 89 17.75 1.22
300 77.5 81.5 84 86.5 88 89.5 90.5 91.5 92 92.5 12.65 1.14
400 80 83 85 87.5 89 90.5 91.5 92 92.8 93.5 11.52 1.13

and for correlations with the mixing ratios of gaseous trac-
ers. Hereafter, the notation n10 refers to the mixing ratio of
sub-micrometre-sized particles with diameters greater than
10 nm. The measurement of n6 (of particles with dp> 6 nm)
and n15 (dp> 15 nm) allows for the identification of re-
cent NPF. The notation n10nv refers to the mixing ratio of
non-volatile particles (Appendix A) with corresponding size
range as specified for n10. The proportion f of non-volatile
particles is given as the ratio n10nv

n10
in per cent.

Elevated number concentrations Nnm of nucleation-mode
particles (defined as N6−N15 =N6−15) serve as an indi-
cation of recent NPF when additionally the NPF criterion
(Eq. 1) is met:

0.8 ·N6− 1.2 ·N15 > 0. (1)

This criterion was reassessed for the StratoClim 2017 data
set based on the definition used by Weigel et al. (2011) to ac-
count for the COPAS detectors’ signal-to-noise ratio and the
counting statistics. The NPF criterion therefore sets a con-
servative threshold (Weigel et al., 2011) that additionally ac-
counts for the full range of data scattering (i.e. 20 % over
periods of invariable N ) that exceeds the 15 % uncertainty in
the concentrations measured with COPAS. The strict crite-
rion suppresses artificial features that mainly result from the
scattering of the measured concentrations, and the criterion
constrains the data set to the most significant of those that
were interpreted as NPF events. Calculated N6−15 values are
then corrected concerning particles’ diffusional loss inside
the aerosol lines as described in Sect. 2.2 (see also Table 1).
The calculated number concentrations N6−15 are corrected
by multiplying the factor κL (Table 1), which is a function of
the static pressure during the measurements.

Provided that the NPF criterion is met, a series of mea-
surement points is denoted as an NPF event if the measured
number concentration (or mixing ratio) of nucleation-mode
particles remains continuously greater than zero for at least
5 s of measurement. In total, 25 cases out of 130 individual
events had a duration of less than 5 s; therefore for these 25
cases the number of newly formed particles and the feature
duration are uncertain. Mainly those features that are much

too short (e.g. lasting only 1 s) are filtered out by applying
the NPF event definition. Based on the mean airspeed and
maximum ascent and descent rates of the M-55 Geophysica
(∼ 154± 39 ms−1, up to 10 ms−1), this definition implies
that a feature of elevated Nnm lasting over 5 s extends over
a horizontal distance of ∼ 770 m (at constant course) or ver-
tically up to 50 m.

The period of flight time during which the event criterion
(Eq. 1) is met is referred to as the NPF event duration. From
this information, the mean airspeed is used to infer the hori-
zontal extent of NPF fields – with caveats. Such estimates are
limited by the assumption that an encounter of elevated Nnm
(over tens of seconds and minutes) is actually due to a single
NPF event and does not consist of a series of possibly over-
lapping events. In addition, the determined horizontal dis-
tances refer to an average flight speed (∼ 154± 39 ms−1),
and the flight attitude is assumed to be unchanged during the
event duration.

NPF events are distinguished by the peak number density
of detected nucleation-mode particles and are denoted as

– intense (often used synonymously with most recent
NPF) if nnm exceeds 10 000 mg−1

– intermediate for NPF with 1000 mg−1<nnm<

10 000 mg−1

– weak NPF when detected nnm remained below
1000 mg−1.

This classification refers to laboratory studies by Kirkby
et al. (2011) and Kürten et al. (2016), according to which the
NPF rate and the NPF intensity (i.e. its new particle produc-
tivity) vary with the degree of supersaturation of the vapour
from which the new particles form. Due to the short persis-
tence of the freshly formed particles in the nucleation mode
(see Sect. 4.5), an intense NPF event is still proceeding when
observed, or it had phased out very recently (within hours)
before the detection. For encounters of weak or intermedi-
ate NPF the conclusions concerning the event’s age remain
ambiguous.

https://doi.org/10.5194/acp-21-11689-2021 Atmos. Chem. Phys., 21, 11689–11722, 2021



11694 R. Weigel et al.: In situ observation of NPF in the tropical tropopause layer – Part 1

2.3 Particle size distributions from the
ultra-high-sensitivity aerosol spectrometer
UHSAS-A

The measurements of the aerosol particle size distribu-
tions during StratoClim 2017 were performed with an in-
house-modified airborne version of the ultra-high-sensitivity
aerosol spectrometer (UHSAS-A; DMT Inc., Longmont,
CO, USA). The modifications on the flow and pumping sys-
tem of the UHSAS-A enabled the maintenance of constant
system flows (sample, sheath, purge flow) through the instru-
ment even under ambient pressures as low as 50 hPa. Details
concerning the modified airflow system of the UHSAS-A,
the characterisation of the instrument’s particle sizing per-
formance, and its calibration during the campaign period are
provided by Mahnke et al. (2021). The uncertainty in the
number concentration measured by the UHSAS-A with 1 Hz
resolution was determined to be ∼ 10 % for the particle di-
ameter range of 65 nm<dp< 1000 nm, based on laboratory
characterisations of the sample flow measurement and of the
counting efficiency of the instrument (Mahnke et al., 2021).
Due to the unknown in-line temperature of the sample and
the wide ambient temperature range throughout StratoClim
2017, a maximum uncertainty in the UHSAS-A measure-
ments is estimated at 25 %. Some of the results from the
measured particle size distributions and a comparison with
other instruments and the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP) are presented by Mahnke et al.
(2021).

2.4 Carbon monoxide (CO) measurements

During the StratoClim 2017 mission, CO mixing ratios were
determined by means of the tunable diode laser (TDL) de-
tection principle, which the Carbon Oxide Laser Detector-
2 (COLD-2) spectrometer is based on. According to com-
prehensive comparisons to the previous instrument version
COLD (Cryogenically Operated Laser Diode; 4 s temporal
resolution; Viciani et al., 2008), the new system implies
several improvements (Viciani et al., 2018). The measure-
ment’s temporal resolution is improved by a factor of 4,
the in-flight sensitivity of the COLD-2 spectrometer is about
2 nmolmol−1 at integration times of 1 s, and an accuracy of
3 % is specified for the CO measurement with COLD-2 (Vi-
ciani et al., 2018).

2.5 Meteorological measurements

Atmospheric temperature and pressure data were taken from
the Unit for Connection with the Scientific Equipment
(UCSE; Sokolov and Lepuchov, 1998), which is a part of
the avionic system of the M-55 Geophysica. UCSE data
are available as 1 Hz resolved ambient pressure (accuracy:
± 1 hPa) and temperature (± 2 K accuracy). Based on these
UCSE data, the potential temperature θ along the mission

flight tracks is calculated in compliance with the definition by
the World Meteorological Organization (WMO, 1966). For
the given vertical temperature gradients and for the θ range
over which the StratoClim 2017 flights extended (i.e. up to
∼ 477 K), the WMO-recommended calculation of θ differs at
the most by up to∼ 1 K from the values obtained when using
the recently reappraised θ calculation (Baumgartner et al.,
2020).

3 Analytical methods

3.1 The height of the lapse-rate tropopause and the
equivalent latitude

Meteorological data were also taken from ERA-Interim re-
analyses by the European Centre of Medium-Range Weather
Forecasts (ECMWF) (Dee et al., 2011). Hybrid reanalysis
levels in the TTL are located at various pressure heights (i.e.
around 177, 154, 133, 113, 96, 80, 67, and 55 hPa, respec-
tively) representing a vertical resolution of about 1 km in this
region.

The aircraft data are analysed in coordinates relative to
the tropopause height and to the monsoon anticyclone cen-
tre, respectively. The height of the lapse-rate-based thermal
tropopause was determined based on ERA-Interim data and
following the WMO criterion (WMO, 1957). The potential
temperature θ at tropopause level was interpolated to the
1 Hz resolved position along the flight track of the M-55 Geo-
physica, and the measurement data were sorted as a function
of θ distance (1θ ) to the local tropopause as a vertical coor-
dinate.

The centre of the AMA was determined based on the
anomalous potential vorticity distribution within the mon-
soon region at the 380 K potential temperature level, where
lowest values of the potential vorticity (PV) are found in the
AMA centre. The AMA-centred equivalent latitude was cal-
culated for a given closed PV contour as a projection onto
polar coordinates (Ploeger et al., 2015). An equivalent lat-
itude of 90◦ N corresponds to the centre of the anticyclone
(lowest PV), and the equivalent latitude decreases with in-
creasing distance from the centre, or rather, towards the an-
ticyclone’s edge. Note that the calculation of AMA-centred
equivalent latitude is valid within a layer of about ± 10 K
around 380 K potential temperature, where a clear negative
PV anomaly occurs. The uncertainties in calculated equiva-
lent latitude become significant at levels beyond the ± 30 K
range above or below 380 K.

3.2 The coagulation model for investigating the
particles’ persistence in the nucleation mode

The model employed in this study numerically solves the
discretised coagulation equation (e.g. Jacobson, 2005, and
Eq. 15.2 therein) as formulated in the numerical chemistry–
climate model SOCOL (SOlar Climate Ozone Links; Stenke
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et al., 2013). For the coagulation of nucleation-mode aerosol
particles the Brownian coagulation kernel (Jacobson, 2005,
Eq. 15.33 therein) is used. The particles are assumed to be
spherical, and the model is based on a discretisation of the
volume space, wherein the ratio of two subsequent volume
size bins is constant, Vk+1

Vk
= 1.4. The particle size range of

the first volume size bin V1 corresponds to particle diame-
ters of 7.5 nm<dp,1< 8.5 nm. With a total number of 40 size
bins, the largest particle size included in this investigation is
about 635 nm (= dp,40 = (1.4)

39
3 · dp,1).

The coagulation rate and thus the persistence of the
nucleation-mode particles were simulated under given back-
ground conditions during observation. As input for the simu-
lation, the aerosol size distribution detected by the UHSAS-
A (nominally covering 65 nm<dp< 1000 nm; see Sect. 2.2
and Mahnke et al., 2021) was extended towards smaller di-
ameters by further particle size bins obtained from the mea-
surements with COPAS. For the simulation presented herein,
the NPF event on 4 August 2017 (KTM 5) over 26 s between
04:04:40 and 04:05:06 UTC (pressure altitude: 110 hPa; am-
bient air temperature: 196 K) was selected. Each of the two
size intervals of the COPAS measurements in the nucleation
mode, i.e. 6 nm<dp< 10 nm and 10 nm<dp< 15 nm, is di-
vided into three subintervals to adapt to the higher parti-
cle size resolution of the coagulation model. The three sub-
bins within the size classes 6–10 and 10–15 nm were uni-
formly set to one-third of the respective concentrationN6−10
and N10−15. The difference between the total number con-
centrations N15 (COPAS) and N65 (UHSAS-A) yields the
number concentration of N15−65. The number concentration
N15−65 (∼ 5000 cm−3) was interpolated over 13 sub-bins
(with exponential degradation on increasing particles size)
such that the size distribution exhibits a continuous tran-
sition towards the detection size range of the UHSAS-A.
The size-segregated aerosol concentrations measured with
the UHSAS-A were interpolated (with respect to particle
size) to the resolution of the remaining 21 sub-bins of the co-
agulation simulation. The particle concentrations N(dp) over
the entire particle size range from the nucleation-mode sizes
up to dp= 1 µm were converted into an aerosol size distribu-
tion dN/dlogdp in cm−3 as a representation of an initial state
and input for the coagulation simulation (for more details see
the results in Sect. 4.5).

It is worth noting that for the coagulation simulation, the
NPF event is considered to be expired; i.e. any fresh supply
of nucleation-mode particles due to continuous or renascent
NPF is excluded for the simulated runtime of the coagulation
process over 24 h. Generally, constant conditions of atmo-
spheric pressure (p) and temperature (T ) are assumed over
the 24 h period for the simulation as the air is lifted very
slowly at TTL levels within the AMA (by ∼ 1 K potential
temperature per day, corresponding to 1p≈ 1–1.5 hPa and
1T < 1 Kd−1; see Vogel et al. 2019).

3.3 Analyses of trajectories and the air mass transport
history

Backward trajectories of 50 d were calculated for each sam-
pling position along Geophysica’s flight track in 1 Hz res-
olution during the StratoClim 2017 mission using the tra-
jectory module of the Chemical Lagrangian Model of the
Stratosphere (CLaMS; McKenna et al., 2002; Konopka et al.,
2012; Pommrich et al., 2014) driven by horizontal winds
from ERA5 reanalysis (Hersbach and Dee, 2016). With the
vertical resolution of the ERA5 data, a much better repre-
sentation of convective updraught and tropical cyclones is
realised (Hoffmann et al., 2019) compared to earlier reanaly-
ses (Dee et al., 2011), in particular in the region of the Asian
summer monsoon (Li et al., 2020). Further detailed valida-
tion of the very new ERA5 products is required, so ERA in-
terim reanalyses still represent the state of the art until ERA5
becomes the new standard.

For vertical air mass transport velocities, the diabatic ap-
proach was applied using the total diabatic heating rate to
extract the vertical velocity, thereby including the release of
latent heat (for details, see Ploeger et al., 2021).

The CLaMS backward trajectory calculations, which were
initialised from each sampling position along the flight track
in 1 Hz resolution, were used to allocate the air’s latest con-
tact with the model boundary layer at 2–3 km above the
ground. This allows for the investigation of the location of
sources which influence the mixing ratios in the air samples
taken aboard the M-55 Geophysica.

3.4 The age of air since release from convective outflow

The history of a convective air mass is analysed by mak-
ing use of the TRACZILLA Lagrangian model (Pisso and
Legras, 2008), which is a variation in FLEXPART (Stohl
et al., 2005). The simulations were based on the release
of a cluster of 1000 back trajectories, representative of a
generic aerosol tracer, each launched from a 1 s resolved time
step along the flight path. The trajectories were traced back
over a period of 30 d in the geographical domain (between
10◦W and 160◦ E and between the Equator and 50◦ N, re-
spectively). The meteorological fields (horizontal winds and
radiative heating rates) are taken from ERA5 reanalyses. The
convective influence is then distinguished from uninfluenced
cases by high-frequency images (one image per 10–15 min)
of cloud top altitudes from the geostationary satellites MSG1
and Himawari (for details see Bucci et al., 2020).

Investigations by Weigelt et al. (2009) previously ap-
proached the influence of convective cloud processes on
the number concentrations of aerosols and in particular of
nucleation-mode particles in the upper troposphere. In the
present study, the convective sources were identified as such
if the course of a TRACZILLA-modelled trajectory within
a certain geographical area is found below the cloud top
level, as similarly done by Tzella and Legras (2011) and
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Tissier and Legras (2016). It is noteworthy that, while the
adopted trajectory method bypasses the uncertainties related
to the convective representation in the reanalysis by using
observation-based information on the convective events, un-
certainties still remain. Those arise mainly from uncertain-
ties in the identification of the cloud top from image data
of geostationary satellites, the impossibility of accounting
for the entrainment–detrainment-processes, and reanalysis-
related uncertainties concerning advection (for more details
see Bucci et al., 2020). In the presented analysis, the air mass
age is computed as the difference between the time of re-
lease of the cluster and the convective cloud crossing. Since
the trajectory cluster can spread in space and bring differ-
ent contributions from different regions, only the mean age
from the dominant convective source (i.e. the mean age from
the regions with the highest percentage of convective cloud
crossings) is considered in this analysis.

4 Observations and results

Figure 1 shows the flight tracks of the eight mission flights
conducted during StratoClim 2017. The vertical indices (vis-
ible in Fig. 1b) highlight the flight sections where signifi-
cantly increased mixing ratios of nucleation-mode particles
nnm were encountered, which are attributable to NPF. NPF of
varying intensity occurred near or above the southern flank
of the Himalayas (features over Nepal and towards north-
eastern India) and at a distance of more than 500 km away
from the mountains (near the coastline of Bangladesh or the
north-eastern Indian coast towards the Sea of Bengal). Of
the entire COPAS measurement time (∼ 22.5 h), at altitudes
above 10 km (350 K potential temperature) about one-third
(i.e. ∼ 9 h) of the air samples were taken north of 26◦ N,
i.e. mainly in the immediate vicinity of the Himalayas, over
Nepal, and neighbouring areas of north-eastern India. Hence,
over the period of the StratoClim field mission during the
2017 monsoon season, the main transport of NPF precursor
material into the UTLS was by convection above the foothills
of the Himalayas. The present study aims at a classification
of encountered NPF events with regard to

1. the height intervals and geographical positions of NPF
observations

2. the time limits (event duration and time of occurrence)

3. spatial dependencies with regard to tropopause height
and AMA geometry

4. the relationship between NPF and the air’s origin and
age.

It is noteworthy that, during StratoClim 2017, NPF was
frequently observed in the presence of ice cloud particles at
the bottom TTL of the AMA. The conditions under which
in-cloud NPF occurred during StratoClim are discussed in

Weigel et al. (2021). Since the NPF turned out to be almost
undisturbed by the presence of cloud elements (until a certain
number density and size of the ice particles are reached), for
the present study the NPF encounters remain undifferentiated
concerning clear-air or in-cloud conditions.

4.1 Vertical distribution of particle number
concentrations with respect to observations in
different tropical regions

Vertical profiles of the total particle number concentration
obtained from various field campaigns in the tropics are
shown as medians with percentiles in Fig. 2. The vertical
CN profiles from tropical regions of South America and West
Africa (TROCCINOX, 2005; SCOUT-AMMA, 2006; Fig. 2a
and b) exhibit merged data of two independent CN detec-
tors with individual dp50 (i.e. N6 for θ > 350 K and N4 for
θ < 350 K), which were deployed on individual aircraft, the
M-55 Geophysica and the DLR Falcon 20 Borrmann et al.,
2010; Weigel et al., 2011). The dark shaded areas of the verti-
cal profiles illustrate the scatter of number concentrations be-
tween the 90th and 99th percentiles. At tropopause altitudes
around 380 K (indicated by vertical bars), or rather at the bot-
tom TTL, the variability in detected concentration reaches
a maximum between the 90th and 99th percentile. The in-
creased data scatter indicates the influence of NPF on the
class of sub-micrometre-sized particles at these TTL levels,
resulting in increased and fluctuating particle number con-
centrations due to the variable production rate of particles
by NPF (see Sect. 2.2.1). Exclusively above the tropopause
within the AMA (Fig. 2c), the scatter of the concentration
values of sub-micrometre-sized particles remains elevated
up to heights of ∼ 400 K potential temperature. Up to this
point within the AMA, the scatter of the peak number con-
centrations (90th to 99th percentile range) is significantly in-
creased in reference to the median values, while in other re-
gions above the tropopause (Fig. 2a and b) the profiles of
aerosol concentrations show a smoother transition into the
stratosphere.

For comparison (Fig. 2d), particle number concentrations
N5.3 are compiled as a vertical median profile (with per-
centiles) obtained from airborne measurements with the
nuclei-mode aerosol spectrometer (NMASS; Brock et al.,
2000) during several years (2004–2007, including winter and
summer season) over Central America. These observations
differentiate the bottom TTL (here 350–379 K) as the re-
gion where NPF predominantly occurs with the largest im-
pact on the fine-mode (sub-micrometre-sized) aerosol parti-
cle concentration (e.g. Borrmann et al., 2010; Weigel et al.,
2011). However, this vertical profile (Fig. 2d) illustrates ad-
ditional features at altitudes above the mean tropopause alti-
tude (assumedly located at ∼ 380 K). The locally increased
concentrations with respect to the median become appar-
ent at ∼ 380–390 and at ∼ 400–410 K, respectively. Above
tropopause levels, significantly increased number concentra-
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Figure 2. Synopsis of vertical profiles of the total number concentration (median with 10th, 25th, 75th, 90th, and 99th percentiles) of
sub-micrometre-sized particles as a function of potential temperature obtained from condensation nuclei (CN) detections over (a) Brazil
(TROCCINOX, 2005), over (b) West Africa (SCOUT-AMMA, 2006), and over (c) the Indian subcontinent (StratoClim 2017). During
TROCCINOX (a) and SCOUT-AMMA (b) the number concentrations N4 at lower heights (θ < 350 K) were measured aboard the DLR
Falcon 20 (cf. Borrmann et al., 2010, and Weigel et al., 2011). All high-altitude measurements (θ > 350 K) from the M-55 Geophysica and
the entire StratoClim 2017 data set result from COPAS measurements. (c) The median profile of N5.3 from repeated measurements (over
the years 2004–2007) with the NMASS multi-channel CN counter over Central America (aboard the NASA WB-57F; data courtesy of J. C.
Wilson, Denver University, 2011). All number concentrations are given at ambient conditions.

tions of fine-mode particles, potentially caused by local NPF,
were observed over both Central America (Fig. 2d) and the
Indian subcontinent within the AMA (Fig. 2c).

4.2 Mixing ratio of sub-micrometre particles,
abundance, and fraction of refractory particles
from StratoClim 2017 observations

The entire StratoClim 2017 data set of measured (1 Hz re-
solved) particle mixing ratios n6 and n10 is summarised in
Fig. 3a as a function of potential temperature. The resulting
median profile n6 of the StratoClim 2017 measurements is
shown with the 25th and 75th percentile (blue profile). This
allows for a direct comparison with the corresponding me-
dian profiles from earlier COPAS measurements at tropical
regions (in red: TROCCINOX, Brazil, 2005; in dark green:
SCOUT-AMMA, West Africa, 2006; cf. Borrmann et al.,
2010 and Weigel et al., 2011). Figure 3a also includes the
median vertical profile of the mixing ratios of fine-mode par-
ticles (bright-green line), which was obtained from measure-
ments over the central Pacific, at tropical latitudes (Brock
et al., 1995).

The profiles (n6, n10, and nnm in Fig. 3a and b) are struc-
tured as

1. ∼ 350–380 K – characterised by the largest scatter of
the particle mixing ratios and the highest values of up to
5× 104 mg−1, thus representing the height level of the
profile’s maximum;

2. ∼ 380–415 K – where the scatter of the particle mixing
ratios is still increased though less prominent;

3. above∼ 415 K – characterised by a comparatively weak
but extant scatter level of particle mixing ratios, which
also includes features of the median n6 profile at 410–
415 K within the AMA.

The course of the median profiles exhibits similar char-
acteristics. The common feature of all median profiles from
the tropics is their maximum at about 350–360 K, while the
AMA observations indicate a corresponding maximum at
slightly higher altitudes (i.e. 355–365 K). Further aloft, the
particle mixing ratios obtained from different locations de-
crease with altitude on a similar gradient. In the altitude
range between 360 and 400 K, the tropical data obtained over
South America (red) constitute the lowest particle mixing
ratios (by median values), whereas all other profiles are al-
most in line with each other up to 400 K. The vertical me-
dian profile of particle mixing ratios determined in the AMA
(blue) during StratoClim 2017 exhibits the highest mixing
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Figure 3. (a) 1 Hz resolved particle mixing ratios n6 and n10 (grey shaded COPAS data points) with n6 median profile from StratoClim
2017 together with COPAS data from other tropical regions (over Brazil – TROCCINOX, 2005 – and over West Africa – SCOUT-AMMA,
2006; cf. Borrmann et al., 2010). The median profile of measurements in the tropics over the Americas (Brock et al., 1995) is coloured in
green. (b) The vertical distribution of the mixing ratio of nucleation-mode particles (nnm= n6−15) in compliance with the NPF criterion
(see Sect. 2.2.1). (c) The 1 Hz resolved mixing ratio of non-volatile particles (i.e. thermostable at ∼ 270 ◦C) from COPAS measurements
throughout StratoClim 2017 with corresponding median profile, including 25th and 75th percentile. Herein, the n6 median profile is implied
from (a) for comparison. (d) The fraction f (= n10nv/n10 · 100) of non-volatile particles with median and with 25th and 75th percentiles.

ratios at each height level up to ∼ 415 K. Additionally, the
AMA profile features a substantial increase in the median
mixing ratio at altitudes of ∼ 410–415 K, where the values
exceed those from the tropical regions by about 35 %. Above
415 K, the continuation of the tropical profiles from West
Africa and Central America (coloured green) with altitude
is largely consistent with the particle mixing ratios measured
throughout StratoClim 2017, while at these altitudes the mea-
surements from South America (red) show comparatively in-
creased values. Above 440 K, the particle mixing ratio over
West Africa (dark green) significantly deviates from those
of all other vertical profiles, as is visible from the gradual
increase in the particle mixing ratio with altitude. This de-
viation was attributed to the influence of the high-reaching
volcanic injections of the Soufrière Hills (Borrmann et al.,
2010). The 1 Hz resolved StratoClim 2017 data (grey dots in
Fig. 3a) are added to the graph to illustrate how the scatter
of measured particle mixing ratios relates to corresponding
median profiles.

Figure 3b shows the vertical distribution of the mixing ra-
tio of the nucleation-mode particles nnm (see Sect. 2.2.1).

The flight-by-flight colouration of the data points indicates
that increased nnm values were observed during each of the
eight StratoClim 2017 mission flights. In addition, Fig. 3b
shows the wide range of altitudes over which the layers of
increased nnm were observed during the individual flights.
Remarkably increased values of nnm were detected up to al-
titudes as high as 400 K.

Figure 3c depicts the 1 Hz resolved mixing ratios of the
non-volatile particles n10nv (see Appendix A) as well as the
resulting median profile of n10nv with the 25th and 75th per-
centiles. Figure 3c additionally shows the median profile of
n6 as in Fig. 3a, which illustrates the vertical progression of
n10nv in direct relationship to the NPF-influenced total parti-
cle mixing ratio. Figure 3d illustrates the vertical distribution
of the fraction f of non-volatile particles, i.e. the ratio n10nv

n10
(see Sect. 2.1.2), which is presented in 1 Hz resolution, as
well as the profiles of resulting median with the 25th and
75th percentiles. At lower altitudes (< 350 K), the mixing
ratio of non-volatile particles appears low with a relatively
large scatter. The local minima of the n10nv profile and of
the fraction f coincide with the local maximum of n6 (i.e.
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∼ 355–375 K). Above 370 K, the n10nv profile follows the
general decline with height. Above 390 K, both mixing ra-
tios (n6 and n10nv) decrease uniformly, and the fraction f
remains almost constant at ∼ 45 %–50 % up to altitudes of
430 K. Towards 435 K, the total mixing ratio n6 nearly stag-
nates, whereas n10nv exhibits slightly dropping mixing ra-
tios.

In essence, the vertical profiles of the total particle mix-
ing ratio n6 and those of the non-volatile particles n10nv are
divided into three ranges:

A. At the bottom TTL region (θ < 375 K), both n6 and
n10nv are mainly characterised by NPF, as indicated by
the high mixing ratios of nucleation-mode particles nnm.
NPF causes a significant addition to the scatter of the to-
tal mixing ratios towards high values, which exceed the
median by more than 1 order of magnitude. In this al-
titude range, a local deficit of the non-volatile particle
compounds favours the occurrence of NPF.

B. Further above, i.e. ∼ 375 K<θ < 415 K, continued al-
beit attenuated NPF is identified at tropopause lev-
els within the AMA. The non-volatile-particle com-
pounds (n10nv) slightly decrease compared to levels be-
low 375 K. The fraction f , however, rises towards 40 %.
Nevertheless, nnm values of 400–2000 mg−1 at heights
of up to ∼ 400 K indicate sustainably effective NPF.

C. Above 415 K, the values of the total mixing ratio n6 ap-
proach previous observations (e.g. Brock et al., 1995).
The scatter of n6 and n10nv is considerably decreased
at these altitudes. NPF appears to have entirely abated
since at these heights sufficiently high nnm values were
not observed at all. The median proportion f of non-
volatile particles remains at ∼ 40 %–50 % up to the
highest altitude.

The steeply dropping vertical profile of the total mixing
ratio of the sub-micrometre-sized aerosols above ∼ 415 K
subtly indicates the upper limit of the AMA’s influence on
the vertical mixing of the UTLS. From the CO, ozone, and
nitrous oxide content in air samples taken throughout Stra-
toClim 2017, von Hobe et al. (2021) concluded that the
AMA’s interior was largely isolated from stratospheric in-
mixing up to altitudes of 10 to 20 K above the tropopause
(i.e. θ ≈ 400 K). Moreover, they found that mixing processes
with stratospheric air are of increasing significance at levels
between 400 and 420 K (von Hobe et al., 2021). At altitudes
above θ ≈ 440 K, the median mixing ratios n6 exhibit a ver-
tically stable continuation after another sharp drop between
435 and 440 K (Fig. 3a and b). Brunamonti et al. (2018) spec-
ified the 440 K level as the top of confinement (TOC) of the
AMA for the 2017 monsoon season. So, according to this
TOC definition, above 440 K potential temperature (& 18.5–
19 km), the median n6 (Fig. 3a and b) represents stratospheric
background values.

The ATAL (Vernier et al., 2011a; and see also Höpfner
et al., 2019; Mahnke et al., 2021) is mainly attributed to
the uplift of pollution from the boundary layer as concluded
from balloon-borne and satellite-based observations (Vernier
et al., 2018). The described drop in the aerosol concen-
tration (Vernier et al., 2018) at potential temperatures of
∼ 400–420 K (well above tropopause levels) coincides with
the uppermost altitude limit of main NPF activity at ∼ 400 K
(∼ 17.5 km) observed during StratoClim 2017 (see Fig. 3).
Here, the most substantial decrease in both mixing ratios n6
and n10nv was observed in transit from ∼ 410 to ∼ 415 K (at
∼ 18 km).

4.3 Occurrence frequency of NPF events

Figure 4 shows the 130 individual NPF events sorted ac-
cording to their duration. Based on the average flight speed
(Sect. 2.2.1) and assuming a constant heading during flight,
the mean horizontal distance per 10 s flight time spans about
1.5 km. The spatially most extended uninterrupted NPF sig-
nature throughout StratoClim 2017 spanned a mean hori-
zontal distance of ∼ 110 km. The hitherto most extended
NPF event observed with COPAS at TTL level over South
America (Weigel et al., 2011) lasted over a continuous du-
ration of 262 s (∼ 35.5 km of covered flight distance). An-
other three individual NPF events were observed above West
Africa (Weigel et al., 2011) over 20, 83, and 98 s (∼ 3, ∼ 12,
and∼ 13 km), respectively. Approximately 45 % of 130 NPF
events observed throughout StratoClim 2017 were of less
than 20 s duration (∼ 3 km), while the majority (∼ 75 %) of
NPF observations above the Indian subcontinent extended
over less than 80 s (∼ 12 km; Fig. 4a). The vertical profile
(Fig. 4b) shows that above 380 K, predominantly short events
of less than 2 min duration with comparatively low mixing
ratios nnm were encountered. Here, observed NPF events
rarely lasted for several minutes (i.e. 5–6 min). In the lower
TTL range, i.e. below the tropopause, the number of persis-
tent NPF events was higher than above the tropopause, and
the mixing ratio of nucleation-mode particles was also more
often increased. The highest mixing ratios of nucleation-
mode particles were measured in events lasting from 1 min
to a few (up to about 7) minutes.

Figure 5 depicts the diurnal distribution of observed NPF
events. The frequency of NPF event observations is anal-
ysed as a function of the local daytime (LT) at Kathmandu,
Nepal (Fig. 5a). Apart from one exception, the occurrence
frequency of the NPF events seems evenly distributed over
the course of a day. The exception is a time window be-
tween 10:00 and 10:30 (LT), when recent particle formation
was observed up to 2.5 times more often than at other times
of the day. In this time window, about one-third of all NPF
events (31 of 105 events with durations of more than 5 s)
were observed, most of which (25 of 31 events) lasted for
less than 80 s (< 12 km mean horizontal distance). The mea-
surements in this time window occurred at two distinct al-
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Figure 4. Frequency of the duration of observed NPF events during the StratoClim 2017 mission (a) as the frequency distribution of the NPF
duration and (b) as a vertical profile as a function of mean potential temperature and coloured with reference to the mean mixing ratio nnm
of the nucleation-mode particles.

titude layers, ∼ 360–370 and ∼ 390–400 K. The majority of
the StratoClim NPF events in this period (20 of 31 events)
were from altitudes above 390 K, while ascertained mixing
ratios nnm were never outside ∼ 500–5000 mg−1 during this
time of day. Throughout the StratoClim 2017 mission, no fur-
ther NPF event was observed above 390 K at any earlier time
of day, and only two single events were encountered at these
heights during different flights at a later time of day (∼ 12:20
and∼ 17:30 LT, respectively). Determining whether this pro-
nounced frequency of NPF occurrence at a particular time of
day is due to bias effects would require a larger database.
Beyond this, preferred times of day when NPF was observed
with particular frequency were not identified in the Strato-
Clim observations, while instead, within the same region, a
diurnal dependence of NPF was previously concluded based
on a larger data set (Hermann et al., 2003). The diurnal de-
pendence of NPF would be expected if H2SO4 is assumed
to be the main nucleating compound whose production max-
imum (from the reaction SO2+OH) at the local noon time
correlates with the solar zenith (cf. Weigel et al., 2011).

Throughout StratoClim 2017, NPF was predominantly
observed before local noontime during the mission flights
KTM 2, KTM 3, KTM 5, and KTM 7, while all other ob-
servations were made mainly during the afternoon. All NPF
events which lasted longer than 5 s were almost evenly dis-
tributed over the day. Furthermore, Fig. 5c indicates that the
longest NPF events are not generally associated with the

highest mean mixing ratios nnm. The duration of an event
is therefore primarily an indicator of the spatial extent of a
region where NPF takes place. The derivation of the spa-
tial extent from the duration of individual events, however,
bears significant uncertainties since changes in flight attitude,
such as curve manoeuvres or changing flight levels during an
event, are not taken into account.

The NPF events observed during StratoClim 2017 are
among the most frequent and spatially most extended of all
those which have been identified by means of COPAS mea-
surements during previous missions (cf. Borrmann et al.,
2010; Weigel et al., 2011). Only a few events which lasted
more than 100 s were observed during StratoClim 2017, but
it cannot be excluded that they were actually composed of in-
dividual events of smaller extent. Very short events (< 10 s)
make up almost 40 % of all NPF events observed. Conse-
quently, hereafter, all events shorter than 5 s (i.e. 25 out of
130 events) are discarded from further analyses. In this way,
individual 1–2 s features are filtered from the data. In addi-
tion, for the evaluation of individual NPF events, the relia-
bility of the results increases if the arithmetic averaging oc-
curs over more than five data points. Finally, the accuracy of
the specified event duration improves as the raw signal pro-
cessing (Sect. 2.1.3) smooths the temporal salience of short
events.
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Figure 5. (a) Diurnal variation in the occurrence frequency of NPF
events. (b) The diurnal distribution of NPF events’ mean particle
mixing ratio nnm with standard deviation σ , coloured by flight
date, and (c) in colours of the (logarithmic) duration of the re-
spective event. Note that the mean horizontal distance is derived
from the event duration based on a mean flight speed of 154 ms−1

(σ =± 39 ms−1; variable flight attitude remains unconsidered) and
is understood as equivalent horizontal extension of an NPF event.

4.4 The occurrence of NPF relative to the tropopause
height and the AMA’s centre

Figure 6 illustrates the mean mixing ratio of nucleation-mode
particles nnm measured during the individual NPF events
as a function of (1) the vertical distance 1θ to the lapse-
rate tropopause (Fig. 6a and c) and (2) the mean equiva-
lent latitude φequ (Fig. 6b and d). NPF events above the
lapse-rate tropopause (Fig. 6a; positive1θ and up to+30 K)
were mainly observed during the first half of the StratoClim
2017 mission (KTM 2, KTM 3, and KTM 5 on 29 July,
31 July, and 4 August 2017, respectively, with a maximum
ceiling > 475 K) or during the last mission flight (KTM 8,
on 10 August 2017, with a maximum ceiling ∼ 435 K). All
further observations up to θ > 425 K were located below the
lapse-rate tropopause (negative1θ , down to −35 K) or in its
close vicinity (1θ ≈ 0 K; e.g. KTM 6, 6 August 2017, with a
maximum ceiling ∼ 380 K), i.e. in or above the region of the

Figure 6. Mean particle mixing ratio nnm of individual NPF events
as a function of (a, c) the vertical distance from the mean lapse-
rate tropopause (1θ ) and of (b, d) the equivalent latitude (90◦ rep-
resents the centre of the AMA as projected to polar coordinates).
Data points are coloured by flight date (a, b) and by CO mixing
ratios (c, d). (e) The mean particle mixing ratio nnm as a function
of the equivalent latitude is colour-coded by the values 1θ (colour
scale on the left of panel e).

main convective outflow. As indicated by Bucci et al. (2020)
and von Hobe et al. (2021), the first half of the StratoClim
2017 mission was characterised by weak convection, while
the convective activity increased as the campaign progressed.

With respect to the AMA centre, most NPF events were
encountered north of 60◦ equivalent latitude (Fig. 6b). An
exception is a flight segment of flight KTM 3 (on 31 July
2017), where weak NPF with mixing ratios nnm of ∼ 500–
1300 mg−1 was detected at the farthest distance from the
AMA centre (near the turning point at about 21.5◦ N and
80◦ E geographic coordinates; see Fig. 1). These mea-
surements (at φequ< 60◦ N) were made well above the
tropopause since at positive1θ (up to+10 K) mean CO mix-
ing ratios of 45–50 nmolmol−1 (Fig. 6c and d) were found, in
agreement with satellite-based CO observations for altitudes
of ∼ 16–19 km within the AMA (Park et al., 2009).

Towards the AMA centre (φequ> 60◦ N), the NPF events
are distributed over the entire range of 1θ . Here, weak NPF
with several hundreds of nucleation-mode particles per mil-
ligram was observed well above the lapse-rate tropopause
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(1θ ≈+28 K). The vertical distribution of the NPF events
indicates that those events with the highest nnm and mainly
elevated CO mixing ratios (65 to ∼ 137 nmolmol−1) were
encountered exclusively below the lapse-rate tropopause (to
minimum 1θ of −35 K). Regarding a relationship between
(a) the position relative to the AMA centre and (b) the effec-
tiveness of vertical transport or the NPF rate, the StratoClim
2017 data show that between 60◦ N and 90◦ N equivalent lat-
itude, there is no indication that the mixing ratios of nnm and
CO depend on the position with respect to the AMA cen-
tre. Close to the AMA centre (60◦–90◦ N) and in an altitude
range of almost ± 30 K around tropopause heights, both the
distribution of CO-enriched air masses and the occurrence of
NPF appear to be largely independent from φequ.

4.5 Persistence of particles in the nucleation mode

Coagulation represents one of the main processes limiting
the persistence of nucleation-mode particles, i.e. the dura-
tion during which freshly formed particles remain in the size
range of the nucleation mode. At elevated number densities,
the highly diffusive nucleation-mode particles collide and
coagulate with each other and with the present background
aerosols on short timescales. Gaseous precursors, which are
saturated or supersaturated under NPF conditions, may con-
dense and additionally contribute to the growth of particles
out of the nucleation-mode size range, which is considered
to be a secondary process.

The aerosol size distribution, which was compiled from
the measurements during an NPF event as input for the co-
agulation simulation (see Sect. 3.2), is depicted in Fig. 7
(black circles with horizontal bars indicating the width of
their respective particle size bins of the model). The simu-
lated change in the initial aerosol size distribution due to co-
agulation is shown in 1 h steps in different colours and line
types (Fig. 7a). From this simulation, the temporal decay of
Nnm was derived (Fig. 7b, solid black line), whereby the gra-
dient of this decay illustrates the coagulation rate. The se-
quence of the simulated size distributions indicates that the
initial number of nucleation-mode particles is reduced by co-
agulation within a few hours. Within the first hour after an
expired NPF event the nucleation mode is no longer predom-
inant in the overall size distribution, as seen from the maxi-
mum of the distribution at dp> 15 nm after 1 h of simulated
coagulation (solid red line in Fig. 7a). Hence, with adopted
instruments for the detection of nucleation-mode particles, a
clear NPF signature is identified only while NPF is just pro-
ceeding or for a very short time immediately after an expired
NPF event.

The concentration of nucleation-mode particles Nnm
decreases steeply over time (Fig. 7b). From initially
∼ 13 000 cm−3 of nucleation-mode particles (∼ 75 % of
Ntotal) at the earliest stage, Nnm falls below 1000 cm−3

(∼ 20 % of Ntotal) within about 1 h (the grey shaded ar-
eas serve for reference). The detection of 1000 cm−3 of

Figure 7. Results of a coagulation simulation based on the assump-
tion of a distinct and expired burst-like event. The simulation’s
initial particle size distribution (black circles; horizontal bars in-
dicate the width of each size bin) is merged from data of three
COPAS detectors (for N6, N10, and N15) and of the UHSAS-A
(65 nm<dp< 1 µm) as detected during NPF encountered on 4 Au-
gust 2017, between 04:04:40 and 04:05:06 UTC. (a) The processing
particle size distribution (coloured lines) over several hours. (b) The
concentration of nucleation-mode particles (Nnm) over the simu-
lation’s runtime and its fractional contribution to the total particle
number concentration (Ntotal). Furthermore, the simulated decay of
variably multipliedNnm (by factors of 0.1, 10, and 100) as initial in-
put of the simulation under constant background conditions (dashed
lines).

nucleation-mode particles, however, would be interpreted as
an NPF event of intermediate strength (see Sect. 2.2.1). In ad-
dition, coagulation leads to Nnm below 100 cm−3 (< 5 % of
Ntotal) during less than 4 h and to Nnm of less than 10 cm−3

within 9 h. The efficiently proceeding coagulation impedes
the identification of NPF based on in situ detections, and it is
required to be at the NPF site at the right time. This circum-
stance is corroborated by tests concerning the sensitivity of
the simulation to varying input parameters. For these tests,
the input in the nucleation mode was modified while keep-
ing constant background aerosol conditions. In three further
simulation runs, the initial Nnm was multiplied by the fac-
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tors 0.1, 10, and 100, respectively (Nnm,0.1, Nnm,10, Nnm,100;
dashed lines in Fig. 7b). Increased initial concentrations of
nucleation-mode particles, Nnm,10 and Nnm,100, last only for
about 15 min compared to the original Nnm (black line in
Fig. 7b). The initial values ∼ 105 or ∼ 106 cm−3 drop very
quickly due to elevated coagulation rates, and in both of
these cases,Nnm,10 andNnm,100 fall below 1000 cm−3 within
less than 1 h. The threshold of 100 cm−3 is crossed after
less than 2 h (Nnm,10) or after 30 min (Nnm,100). Therefore,
NPF events, which produce much higher concentrations of
nucleation-mode particles, require even shorter time periods
for a successful detection (e.g. by COPAS) after their expira-
tion. However, for the simulation of decreased concentrations
(Nnm,0.1), the coagulation rates remain nearly constant, as in-
dicated from the almost identical decays of Nnm,0.1 and Nnm
(Fig. 7b). Simulated concentration of nucleation-mode parti-
cles falls below 100 cm−3 within almost the same time from
the initial values Nnm,0.1 or Nnm,10, respectively. Further in-
vestigation on the sensitivity of the simulation to the pressure
and temperature conditions that were assumed as simulation
input did not reveal any significant dependence unless the
input is varied by more than ± 10 hPa and ± 18 K from the
used values of the respective parameter (not shown here).

Based on these estimations, the detection of elevated Nnm
indicates that an event with high NPF rates is currently pro-
ceeding, or a recently expired NPF event was observed. De-
tections of lower values of Nnm could indicate (a) intermedi-
ate or weak (currently proceeding) NPF at low supersatura-
tion of the NPF precursor or (b) an NPF event (e.g. of high
particle productivity) that has phased out several hours before
the observation. NPF is measured in situ, while the formation
event is currently in progress or at most a few hours later.
Therefore, the short periods of time available for a clear NPF
detection and the still frequent NPF encounters on each mea-
surement flight during StratoClim 2017 indicate the preva-
lence of such events within the AMA.

5 NPF’s connection to ground sources and vertical
transport

5.1 NPF in relationship to CO as a pollution indicator

NPF events with moderate numbers of nucleation-mode par-
ticles (< 1000 cm−3) in the lower-TTL region were previ-
ously attributed to CO mixing ratios above ∼ 70 nmolmol−1

(60–70 nmolmol−1 was assumed to be a typical CO
background in the pristine marine boundary layer; cf.
Weigel et al., 2011). Elevated concentrations of nucleation-
mode particles (of up to ∼ 6000 cm−3) at altitudes of
350 K<θ < 360 K were associated with significantly in-
creased CO mixing ratios of more than 85 nmolmol−1

(Weigel et al., 2011). These results, mainly based on two sin-
gle NPF events over West Africa (SCOUT AMMA, 2008),
could have indicated a correlation between NPF rates and CO

load from pollution. However, almost 100 individual event
observations (Sect. 4.4 and Fig. 6c and d) indicate that the
relationship between pollution level and NPF rates is less di-
rect than expected. In Fig. 8, the 1 Hz resolved data of syn-
chronous detections of CO and particle mixing ratio during
the entire StratoClim 2017 mission are compared. To illus-
trate the relative scattering of both n6 and nnm, the total par-
ticle mixing ratio n6 is shown in the background (grey dots),
and the mixing ratio of particles in nucleation mode nnm
(dots coloured with respect to θ ) is displayed in the fore-
ground.

At altitudes below the tropopause (below ∼ 380 K), where
NPF rates lead to the highest nnm, the relationship between
the 1 Hz resolved n6 or nnm and the CO mixing ratio is highly
variable. At CO levels of 80–100 nmolmol−1, the scatter
of nnm ranges from 700 mg−1 to the absolute maximum
of about 50 000 mg−1. This maximum nnm is exclusively
reached at CO mixing ratios of 100± 2.5 nmolmol−1. At the
maximum CO mixing ratio (i.e. ∼ 150 nmolmol−1), parti-
cle mixing ratios nnm of about 6000 mg−1 (median value)
were detected. Within a range of CO content between 85 and
130 nmolmol−1, the nnm (median) mixing ratios ranged con-
sistently between 2000 and 10 000 mg−1, apart from the no-
table exception at about 100 nmolmol−1. CO mixing ratios
between 60 and 80 nmolmol−1 were detected just below or
at tropopause levels (yellow to orange colours) coincidently
with decreasing nnm from about 3000 mg−1 to values below
1000 mg−1. For CO mixing ratios below 60 nmolmol−1, nnm
almost stagnates between 300 and 1300 mg−1. At tropopause
levels and aloft, the decreasing CO mixing ratio as well as
abating NPF (expressed in decreasing nnm values) likely re-
sults from both the degradation of CO (see von Hobe et al.,
2021) and the lacking supply of NPF precursor material by
direct transport. According to von Hobe et al. (2021) any in-
dication is missing that convection penetrated the tropopause
during the StratoClim 2017 period. However, Lee et al.
(2019) investigated the TTL-hydrating influence of an over-
shooting event that occurred in the Sichuan Basin about 1.5 d
before the StratoClim measurements southbound of Kath-
mandu over north-eastern India (M-55 Geophysica, KTM 7
on 8 August 2017). Hence, there is no clear indication for
a direct relationship between CO-enriched (polluted) air and
the NPF rate.

5.2 NPF and air mass origin in the boundary layer

The assignment of certain measurement sections of elevated
nnm to possible source regions of NPF precursors is carried
out in two steps:

1. The backward trajectories were traced down to the
boundary layer (BL) for each measurement point (see
Sect. 3.3) at which NPF was detected (Fig. 9a and b). In
this way, the geographical position of the last BL con-
tact of the air before the observations (1 Hz resolution)
of elevated nnm ( 300 mg−1) is obtained throughout the
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Figure 8. Particle mixing ratio of fine-mode particles n6 (grey dots in the background) and of nucleation-mode particles nnm (colour-coded
with reference to the potential temperature) in relationship to the CO mixing ratio. The median nnm with the 25th and 75th percentile is
shown in bin widths of 2.5 nmolmol−1 of the CO mixing ratio (black dots).

StratoClim 2017 mission (Fig. 9a). In addition, the geo-
graphical position of the trajectories’ fastest uplift dur-
ing their transport history was determined (Fig. 9b).

2. The ERA5 reanalysis data were examined with regard
to the transport time of the trajectories between the po-
sition in the BL and the coordinates of the measurement
point (Fig. 10a and b). The transport time is then cou-
pled with the geographical position of the last BL con-
tact of the air before the NPF observations (Fig. 10a)
and the position of the trajectories’ fastest uplift in their
transport history (Fig. 10b). According to the distribu-
tion of the trajectories’ latest BL contact with reference
to the nnm mixing ratio (Fig. 9a), hardly any system-
atic structure is visible (the close-up views in Fig. 10a.ii
and a.ii provide a new scaling and arrangement of the
points of identical data set). The possible source regions
are distributed over the entire region almost indepen-
dently of the NPF intensity. The last BL contact of some
trajectories was at locations far away from the monsoon
region (e.g. in the west: the east coast of Africa and the
Gulf of Aden; in the east: Indochina, the South China
Sea, and as far as the Philippine Sea). The entire possi-
ble source area of NPF precursors ranges from the north
of India and the Arabian Sea, Pakistan, Afghanistan,
Southwest China, Taiwan, the Philippines, and the Bay
of Bengal.

Locations of fastest vertical updraught are more compactly
distributed (Fig. 9b, close-up views in Fig. 9b.ii and b.ii) and
better reflect the contours of an area where efficient convec-
tion frequently occurs within the monsoon region. The fastest

updraught with simultaneously increased nnm is found in the
Kathiawar region on the Indian west coast towards the Ara-
bian Sea or in the far north of India (in the areas around
Ladakh, Himachal Pradesh, and eastern Punjab). In areas of
the central Tibetan Plateau, some sites were identified with
elevated nnm, where also the fastest vertical upward trans-
port occurred. Finally, the shape of the Himalayas is traced
by the locations with the fastest vertical air mass transport
over a wide range of nnm.

Also the shortest transport times from the BL are found
around the Himalayas and their foothills, whereas the trans-
port times from locations of air’s last BL contact, which
fall south of 25◦ N, west of 72◦W, or east of 96◦W, are
rarely shorter than 10 d. In Fig. 10 (Fig. 10a and b; see
also respective close-up view), the contour of the Himalayas
is clearly reproduced by the distribution of the data points
(transport times of less than ∼ 5 d and fastest vertical up-
draught). Hence, for the duration of the StratoClim 2017 mis-
sion, the convective uplift mainly occurred within the AMA.
This more compact regional distribution of vertical uplift
(Fig. 10b) is possibly related to the occurrence of a vertical
conduit for upward transport in the monsoon, as conjectured
by Bergman et al. (2013). Figure 10 also indicates air masses
of elevated nnm, which have experienced convective uplift
over Tajikistan and northern Afghanistan as well as over re-
gions around the Yellow Sea, the Korean Peninsula, or Japan,
hence far away from the AMA system.

Figures 9 and 10 both finally show that the region of the
air’s last BL contact and the location of the fastest vertical up-
lift do not necessarily coincide. Similarly, the locations of the
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Figure 9. From backward trajectory analyses by means of the chemistry transport model ClaMS and based on ERA5 data. (a) The geographic
position of the last boundary layer (BL) contact of the NPF-connected air mass backward trajectories. (b) The geographic position of the
maximum ascent rate. Subpanels a.i and a.ii (b.i and b.ii) provide two-level zoom-ins of the respective main panel (a) or (b) based on the
same data set. The backward trajectories were analysed over the last 50 d prior to the NPF detection as a starting point of each trajectory.
Here, the data points are coloured with reference to the (logarithmic) mixing ratio nnm of nucleation-mode particles; grey data points indicate
transport times > 25 d.

fastest updraught do not always match the shortest transport
times, but for most cases in the immediate vicinity of the Hi-
malayas this correlation is clearly visible from the StratClim
2017 data set. Ultimately, it cannot be excluded that, within
the free troposphere, the air is subject to loading from vari-
ous source regions (not exclusively from the location of the

last BL contact) prior to its convective uplift. Of course, this
finding complicates an unambiguous apportioning of NPF to
specific source regions of precursors in the BL.

The vertical distribution of the nnm mixing ratios as a func-
tion of the air mass transport time from the BL is shown in
Fig. 11:
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Figure 10. Structured as in Fig. 9. (a) The last boundary layer (BL) contact of the NPF-connected air mass backward trajectories. (b) The
maximum ascent rate of these trajectories (for details of the trajectory analyses with ClaMS, see Fig. 9). Here, the data points are coloured
to the air mass transport time since the last BL contact; grey data points indicate transport times > 25 d.

1. Above 380 K, almost all observations of enhanced nnm
are associated with air mass transport times of more
than 12 d. At 380± 3 K, none of the detected nnm is
connected to air mass transport times of less than 12 d.
Values of nnm that were several times higher (with 103–
104 mg−1) were detected below 380 K in air masses,
which had experienced more than 25 d of transport time
from the BL.

2. Below 380 K, the transport times are variably dis-
tributed over the altitude range between 350 and 380 K.
The air masses with shortest transport times are located
in the height interval between 360 and 370 K. As shown
by a recently published investigation, these air masses
have presumably reached the ∼ 360 K level (altitude of
the main convective outflow) very quickly by an ef-
fective convective transport and are then moved further
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Figure 11. Vertical profile of the 1 Hz resolved particle mixing ra-
tio of nucleation-mode particles nnm colour-coded by the air mass
transport time (days) from the boundary layer (BL). For details of
ClaMS analyses, see Figs. 9 and 10.

aloft, towards 370 K, with much lower ascent rates (Vo-
gel et al., 2019) due to the prevailing air mass uplift
within the AMA.

3. On occasion, very short transport times were found with
maximum nnm at altitudes of about 367 and 370 K.
However, the highest nnm values are mostly not ob-
served in air with such short transport times. Within
370± 3 K, the detected nnm reaches extreme values
(∼ 50 000 mg−1) in air with transport times of up to
15 d. Above 370 K and below 355 K none of the maxi-
mum nnm is associated with transport times of less than
6 d, and here, the highest nnm values were detected in air
with transport times of up to 25 d. Therefore, based on
the observations and the trajectories analysed here, the
altitude band of the main convective outflow is limited
to a range between 355–370 K.

5.3 The relationship between NPF and convective
outflow

For the following analysis, which is summarised in Fig. 12,
the vertical distribution of the mean mixing ratios nnm of the
respective NPF event (see Sects. 2.2.1 and 4.4) is juxtaposed
with

a. a measure for the convective contribution to the compo-
sition of the probed air mass

Figure 12. Vertical profile of the event-wise mean particle mixing
ratio of nucleation-mode particles nnm with standard deviation σ
(bars) as a function of the mean potential temperature (± σ ). (a) The
data points are colour-coded by the proportion of convective contri-
bution to the air sample. (b) The data points are coloured by the time
(days) since the release of the air mass at the top of a convective cell.

b. the mean transport time within the TTL since their re-
lease from the top of individual convective cells (see
Sect. 3.4 for both variables).

Figure 12a broadly confirms the general understanding
that the main outflow region of deep convection is well be-
low the tropical tropopause (i.e. at 350–370 K), and aloft
the air is still rising but at a much lower vertical velocity.
At altitudes above ∼ 380 K, the observed NPF events with
nnm< 2000 mg−1 generally remain in the lower range of
moderate intensity (see Sect. 2.2.1), although there was one
of the rare observations of overshooting convection up to lev-
els∼ 385 K, where NPF was detected in coincidence with ice
cloud elements (cf. Weigel et al., 2021). Hence, if in excep-
tional cases the outflow region of deep convection extends
above the 380 K level, as indicated by the presence of ice
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cloud elements, then high NPF rates are not necessarily to
be expected. Below 380 K, about two-thirds of all events are
connected to convective influence by more than 75 %. How-
ever, a remarkable proportion of observations below 380 K
indicate convective contributions of less than 60 % and down
to 25 %. Below ∼ 375 K, mean mixing ratios nnm of 1000–
2000 mg−1 were associated with 100 % convective contribu-
tion, and mixing ratios of more than 10 000 mg−1 were some-
times observed in air masses with ∼ 30 % convective contri-
bution.

For the observed NPF events, Fig. 12b shows the mean age
of the probed air masses since their release from the top of
individual convective cells. Above ∼ 380 K, the air escaped
the convection top mainly 12 d (or more) prior to its prob-
ing. Two events at ∼ 382 and at ∼ 385 K, respectively, in-
dicate a more recent convective uplift within 5 d before the
air was sampled. Despite the comparatively short transport
times, here, the observed nnm remained below 2000 mg−1.
At altitudes below ∼ 380 K, the air predominantly resided
within the TTL region for less than 5 d prior to the obser-
vation. Nevertheless, some of the comparatively intensive
NPF events (with nnm≈ 7000–15 000 mg−1 at∼ 360–375 K)
were observed in air, which has been released from asso-
ciated clouds’ top more than a week (and up to 2 weeks)
prior to the measurements. It should be considered, however,
that short air mass transport times within the TTL are indi-
cated also for NPF events with minor convective contribution
(< 50 %).

From the StratoClim 2017 database emerges that NPF oc-
curs at the lower TTL (i.e. below the tropopause) of the AMA
in air masses that have been lifted by convection in time in-
tervals ranging from 5 d to about 2 weeks. However, it re-
mains unclear whether in some of the observed events the air
samples were taken at a very advanced stage of NPF. There-
fore, it can only be surmised whether or how often the short
time period was missed during which NPF is detectable by
aircraft-based measurements. Potential uncertainties remain
to be considered in connection with the uncertainty in the re-
analysis data and the representation of the transport history
of the air masses.

6 Potential impact of gravity waves on vapours’
supersaturation

If the lifted precursor material would be suitable for NPF
and sufficiently enriched right upon release from the con-
vective outflow, the relationship between elevated nnm and
convective transport should be clearer than observed (see
Sect. 5). The lack of an unambiguous relationship indicates
that the recently transported material is deposed in the TTL
but not immediately consumed, e.g. by NPF, although the
presence of ammonium in the aerosol phase (Höpfner et al.,
2019; Wang et al., 2020) or organics should promote the NPF
of H2SO4 in the TTL even at low supersaturations (Met-

zger et al., 2010; Kerminen et al., 2010; Kirkby et al., 2011;
Kürten (2019); Wang et al., 2020). The supersaturation re-
quired for initiating NPF could temporally result from local
cooling. Gravity waves (GWs) represent low-frequency in-
ertial perturbations of the initial atmospheric state. Such a
perturbation is expressed particularly by a change in velocity
of the vertical wind component. The passage of a GW is as-
sociated with a change in the vertical displacement of an air
parcel and thus causes locally an adiabatic heating or cooling
by a certain absolute value 1T .

Piani et al. (2000) provided simulations of GWs initiated
by deep convection. Their studies reveal a concentric propa-
gation of GWs at altitudes above 15 km and up to ∼ 40 km
with wavelengths in the horizontal of about 40 km and of
∼ 4–7 km in the vertical. Similar results were found to be
typical by other simulation studies concerning GW propaga-
tion at mid-latitudes (Song et al., 2003; Chun and Kim, 2008)
or in the tropics (Lane and Moncrieff, 2008). Investigations
related to GWs in connection with the monsoon are sparse;
e.g. Wright and Gille (2011) and Ern and Preusse (2012)
used satellite observations (high-resolution dynamics limb
sounder) which, however, are limited to detections of GWs
with horizontal wavelengths greater than ∼ 300 km. Despite
the numerous observational studies concerning GW proper-
ties (Alexander et al., 2010), the indirect retrieval of GWs’
horizontal wavelengths remains uncertain by a factor of 2 (or
more), whereas instrumental limitations inhibit the GW de-
tection at horizontal wavelengths smaller than 100 km. Based
on radiosonde measurements (Vincent and Alexander, 2000),
a 6-year-averaged amplitude of 1.5 K is reported as an ef-
fect of GWs, with a single-case example of ∼ 4 K amplitude
around 20 km altitude in the tropics.

Satellite images over the Indian subcontinent (e.g. from
MSG-1 or HIMAWARI; see https://www.eorc.jaxa.jp/ptree/
index.html, last access: 30 July 2021) indicate quite frequent
occurrences of convective plumes in the sampling areas dur-
ing the StratoClim 2017 mission period, which were occa-
sionally arranged in chains of convective cells along the Hi-
malayan foothills. The StratoClim flight KTM 6 on 6 August
2017 enabled NPF observations immediately connected to
convection, which penetrated through the flight level on pas-
sage at constant flight altitude. The corresponding part of the
time series shown in Fig. 13 covers the probing period in the
air sector over Bangladesh and the Bay of Bengal (see Fig. 1).
Two phases of NPF observations are highlighted (hatched ar-
eas in Fig. 13), immediately before and after the period be-
tween 09:20 and 09:30 (UTC), during which the flight alti-
tude changed from 16.2 to about 13.8 km with subsequent
re-ascent to 16.2 km. The manoeuvre above the northern part
of the Bay of Bengal also marks the turning point of the
mission flight path, and the two flanking NPF phases were
encountered over the mainland near the coastlines of east-
ern India and Bangladesh (see Fig. 1b). The outbound and
return sections of the flight passed through the same con-
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Table 2. List of parameters of the wave fit to identify the wave character of two temperature anomalies, which were coincidently observed
with two NPF events, respectively, during the StratoClim flight KTM 6 on 6 August 2017.

TFit = f (x,a,b,c,d)+ f
′(x,a′,b′,c′,d ′)

a b c d a′ b′ c′ d ′

NPF period 1 0.35 0.0025 1.75 193.05 0.42 0.00925 −0.6 0
NPF period 2 0.35 0.0025 1.75 193.05 0.33 0.015 −0.8 0

Figure 13. Time series of data sampled during a section of a StratoClim 2017 flight (KTM 6) on 6 August 2017. Except the manoeuvre
period between 09:20 and 09:30 (UTC), a constant altitude and pressure level (a) were maintained. Particle mixing ratios (n6, n10, n15, and
n10nv) (b), the mixing ratio of the nucleation-mode particles (nnm) (c), the CO mixing ratio (d), and the ambient air temperature (Tamb) and
the temperature fluctuation (Tamb−Tmean) (e) feature different characteristics and sequence during two NPF phases (oblique hatched areas).
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Figure 14. Close-up view of the two sections of StratoClim 2017 flight KTM 6 on 6 August 2017 over time ranges of more than 1 h of
flight time, respectively, including the two identified NPF periods (horizontal bar in panels a and b). For analysing the observed temperature
anomaly, the 1 Hz resolved temperature data are filtered by the noise-reducing running average over 201 data points (T201). The wave fit
(TFit) is approximated to the noise-filtered data set within the period of identified NPF (see Appendix B for details). The overlaid fit function
approximates the characteristic structure of the observed temperature anomaly only within the two NPF periods.

vectively active region, and the same convective system was
likely probed at opposite positions.

Within the limits of the displayed time series (Fig. 13a)
constant flight altitude and pressure level were maintained,
except for the turning manoeuvre, which is disregarded in the
following discussion. The mixing ratios n6, n10, and n15 co-
incidentally exhibited increased values of variable strength
(Fig. 13b), whereas during both NPF phases the particle
mixing ratios nnm are elevated (> 10 000 mg−1) or peak up
to values of more than 20 000 mg−1. The course of nnm is
not mirrored by the CO signal (Fig. 13d); e.g. nnm is at
maximum values when CO is still at intermediate levels of
∼ 110 nmolmol−1. In both NPF phases, the peaks of air’s
CO content (130–140 nmolmol−1; Fig. 13d) were accompa-
nied by increasing mixing ratios n10nv by a factor of up to 2
compared to the background (Fig. 13b), indicating the pas-
sage through the convective outflow plume, which also con-
tained non-volatile aerosol material that was lifted together
with gaseous pollutants.

During the periods of the NPF observations, however, the
ambient air temperature Tamb (Fig. 13e) visibly fluctuates on
the order of ± 1 K around the respective mean temperature
(Tmean= 193 K with standard deviation below 1 K). Over the
NPF period, the time series of the temperature fluctuation
(Tamb− Tmean; Fig. 13e) exhibits the shape of a wave.

Figure 14 shows close-ups of the time series covering
slightly more than 1 h of measurement on a level flight, in-
cluding the two periods of observed NPF (Fig. 14a and b,
respectively). The curves exhibit the untreated 1 Hz tempera-
ture data set (T1 Hz) and the noise-filtered data set (T201). The

filtering was applied using a running average over 201 data
points (see Appendix B for details). The filtered data (T201)
are additionally approximated with an overlaid wave fit (see
Appendix B and Table 2), which aimed at the requirement to
reproduce the temperature variation, in particular during the
periods of NPF observation. The noise level over the intervals
of the mapped time series holds a fairly constant standard de-
viation σ of about ± 0.25 K. In maxima, the scattering peaks
slightly above the 3σ noise level (i.e. about± 0.75 K), which
likely accounts for the largest proportion of uncertainty in the
temperature data for this measurement period. The applied fit
functions reproduce the wave-like character of the tempera-
ture fluctuation during two NPF events with estimated wave-
lengths between 70 and 100 km (for the higher frequency and
in the range of 400 km for the lower frequency). The quality
of approximating the noise-reduced data by overlaid wave fit
provides indications that the observed temperature fluctua-
tion is subject to a wave that coincides well with the occur-
rence of NPF.

It would go beyond the scope of this study to clearly at-
tribute this temperature fluctuation to the GW activity ini-
tiated by one specific or several convective systems. How-
ever, the amplitude and wavelength of the observed fluctua-
tion correspond qualitatively and quantitatively to the values
typical for GWs. Simplified estimates reveal that an increase
in the H2SO4 saturation ratio by a factor of about 1.75–2
readily occurs when the initial ambient temperature (e.g. at
T0≈ 190 K) drops by 2 K (see Appendix B). If NPF is ini-
tialised by a negative temperature anomaly under supersat-
urated conditions, the newly formed nucleation-mode parti-
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cles hardly evaporate at re-rising temperatures (e.g. when the
GW-induced temperature anomaly becomes positive).

The horizontal extent of GW-induced temperature anoma-
lies, which can range from a few to hundreds of kilometres,
is generally comparable with the magnitude of the horizon-
tal extent of observed NPF fields (see Sects. 2.2.1 and 4.3
as well as Fig. 5c). Since the time offset between NPF ob-
servation and NPF initiation is not exactly known, it is not
straightforward to connect individual NPF events to specific
incidents of GW-induced temperature anomalies. Moreover,
during the monsoon season, several widely distributed con-
vective systems may induce GWs at the same time, and the
resulting spatially propagating temperature anomalies could
interfere at TTL heights. The amplification of temperature
anomalies inherent with such interferences is neither locally
resolvable nor quantifiable. Hence, GW-induced temperature
anomalies can additionally promote the occurrence of NPF.

7 Summary and conclusions

Between 27 July and 10 August 2017 the airborne Strato-
Clim 2017 mission took place in Kathmandu, Nepal, with
eight mission flights (∼ 22.5 h of COPAS measurement time
above 10 km, θ & 350 K) up to altitudes of 20 km (θ ≈ 475 K)
with the Russian high-altitude research aircraft M-55 Geo-
physica. The presented analysis comprises the description
and discussion of numerous events of new particle formation
(NPF), which were observed in the UTLS region of the Asian
monsoon anticyclone (AMA) over northern India, Nepal, and
Bangladesh.

In total, a duration of 2 h and 38.5 min was spent under
NPF conditions in the region of the tropical tropopause layer
(TTL), where enhanced quantities of nucleation-mode parti-
cles of up to ∼ 50 000 mg−1 (≈ 11 000 cm−3) were detected
at heights of 15–16 km (∼ 370 K). The majority of NPF ob-
servations with high numbers of nucleation-mode particles
(6 nm<dp< 15 nm) were observed below the tropopause
(∼ 12–16 km,∼ 355–380 K), at the lower TTL. NPF with in-
termediate (∼ 1000–2000 mg−1) or low (∼ 300–500 mg−1)
mixing ratios of nucleation-mode particles was also observed
around the tropopause (∼ 380 K) and up to about 17.5 km al-
titude (400 K). The frequency of intense NPF observed dur-
ing StratoClim 2017 exceeds all previous NPF detections
with COPAS in the TTL over Brazil, Australia, and West
Africa (TROCCINOX, 2005; SCOUT-O3, 2005; SCOUT-
AMMA, 2006; cf. Borrmann et al., 2010; Weigel et al.,
2011). The maximum of detected nucleation-mode particles
(∼ 50 000 mg−1, correspondent to ∼ 11 000 cm−3 under am-
bient conditions at 360 K<θ < 370 K) is of orders of mag-
nitude comparable to the earlier COPAS observations (Bor-
rmann et al., 2010; Weigel et al., 2011). The horizontal extent
of the NPF fields during StratoClim 2017, ranging from a few
hundred metres to about 100 km, compares well to previous
COPAS observations in the tropics.

Mainly due to coagulation, the persistence of nucleation-
mode particles (dp< 15 nm) in the presence of the back-
ground aerosol population is limited to a few hours only.
Within the supersaturated environment under NPF condi-
tions, co-condensation of gaseous species other than NPF
precursors further promotes the growth of nucleation-mode
particles. The comparatively short persistence of the parti-
cles in the nucleation-mode size range implies the following:

– Within 2 h after an NPF event, the number concentration
of nucleation-mode particles decays due to coagulation
by more than 1 order of magnitude.

– About 3–4 h after an NPF event, the reduced number
of nucleation-mode particles impedes the identification
of NPF events based on aircraft-borne in situ measure-
ments.

– Low and intermediate numbers of nucleation-mode par-
ticles result from either moderate and just-proceeding
NPF or from an event with elevated NPF rate that has
phased out over more than 2 h before the measurement.

– Identified NPF events with a great abundance of
nucleation-mode particles (i.e.> 10 000 mg−1) have oc-
curred very shortly (less than 1 h) prior to the measure-
ment or are just proceeding when detected.

The supersaturated conditions, under which NPF occurs
also favour the co-condensation of gaseous substances (Yu
et al., 2017). Whether or not coagulation or condensation
predominantly contributes to the composition of the back-
ground aerosol remains open. Most likely, both processes
impact the formation and persistence of the ATAL (Vernier
et al. 2011a; see also Höpfner et al., 2019; Mahnke et al.,
2021), which was mainly attributed to the uplift of pollution
from the boundary layer (Vernier et al., 2018; Brunamonti
et al., 2018; Hanumanthu et al., 2020).

Generally, a refractory core with diameter greater than
10 nm was detected in almost every second particle above
395 and up to 475 K. In addition to the local particle source
by NPF, additional particulate material is vertically trans-
ported by the updraught within the AMA (see also Sect. 6).
At altitudes above 18 km, the contribution of meteoric parti-
cles from further aloft was found by means of in situ aerosol
mass spectrometry during StratoClim 2017 (Schneider et al.,
2021).

At altitudes of up to 17.5 km, the fresh particles from NPF
are in place for being lifted by a sufficiently effective trans-
port mechanism to indirectly supply the stratospheric (Junge)
aerosol layer. However, whether or not aerosol material sub-
sides from TTL levels to mid-tropospheric altitudes and pos-
sibly contributes to cloud formation, as suggested by An-
dreae et al. (2018) to happen in the Amazon region, depends
on the efficiency of downward transport and on the aerosol’s
capability as CCN. Condensation of gaseous species other
than those involved in the NPF process and internal chemical
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conversion of various solutes within a particle influence the
aerosols’ CCN capabilities. The required transport times to
reach altitudes far above or below the TTL range from sev-
eral days to weeks and stay in contrast to the short persistence
(hours) of nucleation-mode particles.

Moreover, the StratoClim 2017 measurements revealed the
following:

1. The highest nnm values were predominantly found to
coincide with intermediate to elevated CO mixing ra-
tios of ∼ 100 nmolmol−1. Beyond that, the mixing ra-
tio of nucleation-mode particles (∼ 700–20 000 mg−1)
is largely independent of the CO content (between 80
and 145 nmol mol−1) of the air at the lower TTL.

2. The most intensive uplift of air was confirmed to occur
over the Himalayas and their foothills. However, par-
ticular source regions of NPF precursors were not as-
certainable within the BL. No indication was found that
the most intense NPF was connected to short durations
of air mass transport from the BL into the TTL.

3. The convective contribution to the air mass composition
did not determine the intensity of the observed NPF. The
release of the precursor material in the outflow region of
the convective top had occurred up to 6 d before the NPF
observation. Occasionally, however, air mass residence
times of more than 6 d and up to 14 d were found at TTL
levels prior to the NPF detection, while the entire data
set covers residence times from ∼ 3 h to about 26 d.

For the period of the StratoClim 2017 mission, the ob-
served NPF rates are not unambiguously attributable to (a) a
specific source region in the BL, (b) the effectiveness of the
convective vertical transport, or (c) the recent release of NPF-
capable material from the convective outflow.

Nevertheless, it is the convective uplift which intermit-
tently supplies the lower TTL with NPF precursor material.
At altitudes well above tropopause levels, such an immediate
supply by convection is lacking and could alternatively only
proceed by the slow uplift superimposed on the anticyclonic
ascent of the AMA (∼ 1 Kd−; Vogel et al., 2019; von Hobe
et al., 2021).

Alternatively, adiabatic cooling could induce sufficient su-
persaturation of an NPF precursor e.g. due to temperature
anomalies associated with gravity waves (GWs). The pre-
sented case study based on a continuous level-flight segment
(flight KTM 6 on 6 August 2017) revealed wave-like temper-
ature anomalies with a peak-to-peak amplitude of 1T = 2 K
and a horizontal wavelength of 70–100 km, which matched
well with two independent NPF events. Hence, the vertical
propagation of GW-induced temperature anomalies can ini-
tialise NPF above tropopause levels (a) where ambient air
temperatures re-increase with altitude (from observational
data with 1T ≈ 1.5 K per 1θ = 10 K), which principally
counteracts the supersaturation of a precursor, and (b) where
in the absence of deep convection a direct supply of precursor
material from below is lacking.

The observations made during StratoClim 2017 demon-
strate that frequent NPF with high production of nucleation-
mode particles is capable of directly affecting the extent and
persistence of the Asian tropopause aerosol layer (ATAL).
The continuous supply of freshly formed aerosol material,
which coagulates both internally and with the background
aerosol and which itself provides a surface for the conden-
sation of supersaturated gaseous substances, contributes sig-
nificantly to the available aerosol material that composes the
ATAL. In this case, the chemical composition of the ATAL
aerosol includes significant fractions of the material which
was previously involved in the NPF process and the particles’
condensational growth, which is subject to further investiga-
tion using the StratoClim 2017 data set.
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Appendix A: The detection of non-volatile particles with
COPAS

COPAS includes a vaporiser based on an established and
commonly used technique. One of the four COPAS channels
is equipped with a heated stainless steel tube (at ∼ 270 ◦C)
to vaporise volatile compounds upstream of one of the par-
ticle detectors. The specific heating temperature is chosen
with the aim of vaporising mainly stratospheric particle
species, which typically consist of aqueous solutions of sul-
furic acid (H2SO4–H2O) and/or nitric acid (HNO3–H2O),
which reportedly volatilise at 180 ◦C (Rosen, 1971). In ad-
dition, most volatile and several semi-volatile organic com-
pounds can evaporate at colder temperatures than 270 ◦C.
Conversely, this means that an undeterminable proportion of
semi-volatile and probably highly oxidised organics, whose
role as agents in NPF has been identified by Kurtén et al.
(2008) or Riccobono et al. (2014), can pass through the pre-
heater without being significantly altered. Downstream of
the heated tube section, the re-condensation of evaporated
species is not completely excludable. Due to the high diffu-
sivity of, for example, H2SO4 molecules (a factor of up to
0.5 of the diffusivity of H2O; see Tang et al., 2014), the re-
condensation is expected to occur predominantly at the tube’s
inner walls since thermophoresis drives the vapour molecules
from the previously heated air sample towards the cold walls.
Such a re-condensation affects the particles’ size, not their
number, and condensation on the largest of the non-volatile
residues is favoured over the smaller ones (i.e. those with
dp< 10 nm). The working principle of the COPAS aerosol
vaporiser was demonstrated by means of laboratory experi-
ments with pure H2SO4–H2O particles of several sizes and
at pressure conditions between 70–300 hPa (Weigel et al.,
2009); more than 98 % of the sub-micrometre-sized H2SO4–
H2O particles were volatilised. As the refractory material,
which could be detectable with COPAS, is unlikely to be
generated by the heater itself, such instrumental artefacts are
largely excluded. To avoid artefacts as a result of, for ex-
ample, re-suspension of aerosol material, which had been
deposited on the tube’s inner walls during previous opera-
tions, the sample lines were flush-cleaned with ethanol and
distilled water at least before every second mission flight.
Inefficiencies of the vaporiser, e.g. due to diminished heat
transfer from the tube’s inner wall to the passing aerosol
particles, particularly at low atmospheric pressures, would
cause the number (fraction) of detected refractory particles
to be unexpectedly high (≈ 100 %) over extended measure-
ment periods, which was not observed throughout the field
missions (cf. Borrmann et al., 2010; Weigel et al., 2011).
Conversely, instrumental artefacts inherent to the vaporiser’s
tube length, e.g. particle loss, would lead to comparatively
low number concentrations of detected refractory particles.
Diffusional loss effects increase with decreasing pressure,
but thermophoresis counteracts the particles’ diffusion to-
wards the hot tube walls. With the same vaporiser system,

Weigel et al. (2014) observed rising mixing ratios of refrac-
tory aerosol, most likely from meteoric ablation, with altitude
at stratospheric levels inside the polar vortex, while outside
the vortex the number of refractory aerosols nearly stagnated
over the corresponding altitude range, additionally confirm-
ing the principle function of the vaporiser.

Appendix B: Case study analysis of observed
temperature anomaly

For analysing the observed temperature anomaly in the time
intervals of the NPF events, a running average is used as a
filter to suppress the high-frequency noise in the tempera-
ture data. The running average over 201 measurement points
(i.e. over 100 data points before and 100 data points after
each 1 Hz temperature measurement) is used; Fig. B1 illus-
trates the effectiveness of the filtering. As a result of sub-
tracting the low-pass-filtered temperature data (T201) from
the initial 1 Hz resolved temperature data (T1 Hz), the high-
frequency noise remains (red dots in Fig. B1). The noise
scatters around the zero level with a maximum amplitude of
about ± 0.75 K. The filtering by the running mean turns out
to be equally effective inside and outside the observed NPF
events with presumed temperature fluctuation. The indicated
reference lines for the ± 1σ and ± 3σ levels (where σ de-
notes the standard deviation) illustrate the noise amplitude,
which remains fairly constant (during NPF and away from
observed NPF events) over the entire period and also almost
within the ± 3σ range. The course of the T201 curves thus
represents the temperature fluctuation by excluding the noise
which underlies the measurement. The T201 curve is approx-
imated by a wave fit (TFit) for reproducing the temperature
fluctuation in the filtered data set (T201), particularly during
the periods of NPF observation (see Sect. 6 and Fig. 14).

The basic form of the wave fit function is

f (x,a,b,c,d)= d + a · sin(bx+ c), (B1)

where x is the horizontal distance derived from time (UTC)
in seconds of the day (since midnight) and mean airspeed; a
is the amplitude; b is the frequency; c is the phase shift; and
d is the offset.

For each of the two time periods with identified NPF, an
individual fit was determined with the parameters from Ta-
ble 2, and each fit consists of a sum of two functions of the
type defined in Eq. (A1). During the NPF event the differ-
ence between the two curves, T201 and TFit (Fig. B1), shows
that the overlaid wave fit approximates the filtered data with
a smaller deviation than given with the± 1σ noise level. The
difference between the 1 Hz temperature signal and the wave
fit is also shown in Fig. B1. During the NPF event, the sub-
traction of the wave fit from the 1 Hz data has almost the
same effect as the subtraction of the filtered T201 from T1 Hz;
therefore, in the NPF period, the deviation between the two
sets of data (T1 Hz− TFit) corresponds mainly to the noise of
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Figure B1. For the time intervals shown in Fig. 14, the difference between the 1 Hz data (T1 Hz) and the filtered data with 201 s running
average (T201) reveals the high-frequency noise of the temperature measurement (red data points). The dashed reference lines indicate the
standard deviation (± 1σ and ± 3σ ) of the noise signal within given time intervals. The effectiveness of the wave fit approximation to the
filtered data set during the NPF periods is represented by the difference T201− TFit. During NPF this deviation is small, while away from
NPF the wave fit increasingly deviates from the temperature measurement. The deviation of the overlaid wave fit from the untreated 1 Hz
signal is shown with the differences T1 Hz− TFit; during NPF mainly the noise signal remains.

the temperature measurement. Away from the NPF event, the
deviation of the wave fit from T1 Hz and T201 increases as the
approximation of the temperature data by the wave function
was constrained to the NPF period.

Appendix C: The impact of a temperature anomaly on
the saturation ratio of H2SO4

The passage of a gravity wave is associated with adiabatic
heating or cooling by a certain amount 1T . According to
Vincent and Alexander (2000) (see also Sect. 6), the max-
imum realistic value of 1T is ∼ 4 K. Smaller temperature
perturbations occur more frequently. An air parcel at pressure
p0 and temperature T0 which is vertically and adiabatically
displaced, changes its pressure and temperature to the new
values p and T = T0+1T . The question arises as to how
temperature anomalies influence the occurrence of NPF. In
this context, NPF is initialised when the saturation of a nucle-
ating gas or gas mixture exceeds a certain level. Pure sulfu-
ric acid is certainly not the exclusive gas species involved in
NPF, but if temperature anomalies sufficiently affect the sat-
uration ratio of pure H2SO4, then additional agents such as
ammonium (Höpfner et al., 2019) or organics (Kürten, 2019)
could more readily favour the initiation of NPF.

Adiabaticity of the process is presumed, and by approxi-
mating the gas constant R and the heat capacity cp with the
values for dry air (R≈Ra and cp ≈ cpa), the ideal gas equa-

Figure C1. Simulated influence of temperature anomalies (up to
∼ 4 K) on the quotient of saturation ratios S/S0 of pure sulfuric acid
(H2SO4) in reference to any initial saturation ratio S0 (including
supersaturation) over a range of initial air temperatures at which
NPF was observed during StratoClim 2017.

tion can be converted such that the mixing ratio qH2SO4 of sul-
furic acid is related to its partial pressure pH2SO4 . Since the
conditions within the AMA change rather slowly, the mix-
ing of air masses is considered to be negligible. Hence, the
concentration of each gas species within the air parcel re-
mains invariant to the vertical displacement. In the following,
pH2SO4,0 is the sulfuric acid partial pressure within the unper-
turbed air parcel. Denoting the saturation vapour pressure of
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sulfuric acid as psat, the quotient of the saturation ratios of
the unperturbed air parcel and the displaced air parcel reads
as

S

S0
:=

pH2SO4
psat(T )
pH2SO4,0
psat(T0)

=
pH2SO4

pH2SO4,0

psat(T0)

psat(T )

=
p

p0

psat(T0)

psat(T )

=

(
T

T0

) cpa
Ra psat(T0)

psat(T )

=

(
T0+1T

T0

) cpa
Ra psat(T0

psat(T0+1T )

=

(
1+

1T

T0

) cpa
Ra psat(T0)

psat(T0+1T )
. (C1)

Figure C1 exhibits the quotient S
S0

(i.e. the factorial in-
crease in the saturation ratio S in reference to an initial satu-
ration ratio S0 at undisturbed conditions, including supersat-
urated states) for several initial states of ambient air temper-
ature T0 (from 185 to 250 K) and for a range of temperature
anomalies with 1T of up to 4 K. It is to be emphasised that
these calculations relate specifically to the impact of temper-
ature anomalies on the supersaturation of pure H2SO4. These
estimates based on ordinary precursors (i.e. H2SO4–H2O)
do not allow for conclusions concerning the NPF efficiency
of complex systems of precursor compositions (e.g. includ-
ing ammonia or organics). The demonstrated effect, however,
is qualitatively transferable to any gaseous substance, while
the nucleation of particles from the gas phase requires suffi-
ciently high saturation ratios of the respective species or gas
mixture and may be of particular interest in the context of the
CLOUD experiments at CERN with H2SO4 (cf. Stolzenburg
et al., 2020) under variable conditions and various admix-
tures.
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