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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 Geophysica in the upper troposphere /
lower stratosphere (UT/LS) of the Asian Monsoon Anticyclone (AMA) over northern India, Nepal
and Bangladesh. More than hundred events of New Particle Formation (NPF) were observed. In
total, more than two hours of flight time were spent under NPF conditions as indicated by the
abundant presence of nucleation-mode aerosols, i.e. with particle diameters d, smaller than
15 nm, which were in-situ detected by means of condensation nuclei counting techniques.
Mixing ratios of nucleation-mode particles (1nm) of up to ~ 50000 mg-! were measured at heights
of 15 - 16 km (8 = 370 K). NPF was most frequently observed at ~ 12 - 16 km altitude (6 = 355 -
380 K) and mainly below the tropopause. Resulting n.m remained elevated (~ 300 - 2000 mg1)
up to altitudes of ~17.5km (6=400K) while under NPF conditions the fraction (f) of
submicrometre-sized non-volatile residues (d, > 10 nm) remained below 50 %. At ~ 12 - 14 km
(6 =355 - 365 K) the minimum of f (< 15 %) was found, and underneath, the median f generally
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
region for UT/LS aerosols and for the formation and maintenance of the ATAL. The observed
abundance of NPF-produced nucleation-mode particles within the AMA is not unambiguously
attributable to (a) specific source regions in the boundary layer (according to backward

trajectory analyses), or (b) the direct supply with precursor material by convective updraught
1
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(from correlations of NPF with carbon monoxide), or (c) the recent release of NPF-capable
material from the convective outflow (according to air mass transport times in the TTL).
Temperature anomalies with AT of 2 K (peak-to-peak amplitude), as observed at a horizontal
wavelength of ~ 70 - 100 km during a level flight of several hours match with NPF detections
and represent an additional mechanism for local increases in supersaturation of the NPF
precursors. Effective precursor supply and widely distributed temperature anomalies within the
AMA can explain the higher frequency of intense NPF observed during StratoClim 2017 than all
previous NPF detections with COPAS at TTL levels over Brazil, Northern Australia, or West

Africa.

1. Introduction

Aerosol particles in the upper troposphere / lower stratosphere (UT/LS) influence the radiative
balance of the Earth’s atmosphere, stratospheric chemistry, and properties of cirrus clouds near
the tropopause (Kremser et al., 2016). UT/LS aerosols are mainly composed of sulphuric acid
(H2S04), nitric acid (HNO3), water (H20), and organic compounds. Additionally, 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. (2020)). Non-volatile components of
stratospheric aerosol particles originate from (1) natural tropospheric sources, e.g., volcanoes,
biomass burning, or pyro-cumulonimbus, (2) from meteoric ablation, or (3) they are
anthropogenic, as, for instance, space debris, rocket exhaust fumes, and products from
combustion (Kremser et al. (2016)). Chemical and microphysical processes, which involve the
stratospheric aerosol, could be influenced by solutes that, e.g., had previously been constituents
of the refractory aerosol compounds. Soot, mineral 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 UT/LS. In the tropics, underneath the tropopause,
the number of non-volatile fine-mode particles (i.e. smaller than 1 pm 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 exceeds 50 % (ibid.). Schneider et al. (2020) 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
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material at all sample locations in the LS. They assume that the meteoric ablation material is

partly present as solute or as insoluble inclusion within stratospheric H.SO4-H,0-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 condensation of
saturated vapours, and the evaporation as well as removal when largest particles sediment. In
the tropics, above the level of zero net radiative heating where scavenging 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 (Thomason and Peter (2006); Kremser et al. (2016)). Moreover, the aerosol
removal from the stratosphere occurs with particular 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 considered as one of the most important
sources of the H,S04-H>0 solution droplets prevailing in the UT and Tropical Tropopause Layer
(TTL) (Brock et al., 1995). The reservoir of stratospheric H.SO4 is maintained by oxidation of
gaseous precursors like sulphur dioxide (SO2), carbonyl sulphide (OCS), and carbon disulphide
(CS2), or dimethyl sulphide (C:HsS) (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 SO, directly into the
stratosphere. Weaker volcanic eruptions (with a mean vertical explosion index of about four)
also contribute significantly by delivering volcanic sulphur species indirectly via the TTL into
higher altitudes (Vernier et al. (2011b); Kremser et al. (2016)). Although SO is efficiently bound
within clouds during convective uplift and dissolved in cloud hydrometeors, cloud-resolving
model calculations suggest that SO; proportions, which range from only 30 % (Ekman et al,
2006) until 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 comparatively moderate retention coefficient (0.2 - 0.5) of SO; in the
ice phase of clouds, compared to a retention of 100 % for hydrochloric acid (HCI) and for nitric

acid (HNOs3) (ibid.). Hence, large fractions of the in-cloud dissolved SO leave the cloud ice
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composite as soon as the cloud particles freeze or when riming occurs. Alternatively, the SO,
which remains in the cloud ice composite, is entirely released when the ice particles sublimate in
the convective outflow region, or below, while the ice particles sediment. Rollins et al. (2017)
presented the results of in-situ SO, measurements at up to 19 km altitude over the Gulf of Mexico
and compared these with both model results and satellite observations. Generally, at altitudes
between 8 and 15 km, the mean values of SO, mixing ratio vary between 5 and 800 pmol mol-! in
the northern hemisphere, between 8 and 120 pmol mol! in the tropics, and between 5 and
20 pmol mol-! in the southern hemisphere (Kremser et al., 2016). Enhanced SO, mixing ratios in
the vicinity of the tropopause are often observed in connection with the uplift of polluted air
masses by Warm Conveyor Belts (WBC) (ibid.). Apart from sulphuric acid, also other species
contribute to particle nucleation and growth, such as organics (Metzger et al. (2010); Kerminen
et al. (2010)), amines (Kiirten et al. (2018)) or ammonia (e.g. Kirkby et al. (2011); Kiirten
(2019)). Given the amount of organics (Murphy et al. (2006)) and ammonia species (Hopfner et
al. (2019); Stroh and the StratoClim group (2021)), which were found in aerosol particles at
UT/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 combination 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 diameter (d,) of at least 3 nm frequently form in
considerable 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 studies and observations of NPF’s occurrence:

at or close to the surface (Kulmala et al. (2004); Nieminen et al. (2018)),

e 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)),

e in the boundary layer and in the free troposphere under the direct influence by volcanic

activity (e.g. Sahyoun et al. (2019)),
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e up to tropopause altitudes and the TTL region (Kerminen et al. (2018); Williamson et al.

(2018); Williamson et al. (2019).

Modelling studies suggest that the NPF process constitutes one of the most important
contributions (up to 45 %) to global mean tropospheric concentrations of Cloud Condensation
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)). Chamber 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

atmospheric particles (Kiirten 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 largest n.m was observed particularly at the bottom TTL, as
shown by airborne measurements during missions over Brazil and over North Australia (Weigel
et al. (2011)). Recently, a survey of NPF occurrence in the free troposphere (~ 0.2-12 km
altitude) suggests that the NPF-produced particles persist (zonally almost invariant) as a
globally extending 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 Kathmandu, Nepal (27° 42' 3" N, 85° 21' 42" E) during the
StratoClim 2017 mission (see Figure 1, and see also Stroh and the StratoClim group (2021)).
Some of these flights partly spanned out of Nepalese airspace, to East India, Bangladesh, and to
the northern part of the Bay of Bengal. During StratoClim 2017, NPF was frequently observed 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., 2021b). Based on these observations

during StratoClim 2017, NPF turned out as largely unaffected by faint ice clouds that typically
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occur in TTL (ibid.). This study aims at discussing the NPF encounters in their entirety as
observed during the StratoClim 2017 mission in the UT and TTL region at altitudes of up to

20 km in the Asian Monsoon Anticyclone.

1.2 The Asian Monsoon Anticyclone and the ATAL

The Asian Monsoon Anticyclone (AMA) represents one of the most important circulation
systems in the UT/LS associated 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/ East Africa (e.g. Vogel et al. (2014),
Vogel et al. (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 diabatic lift superimposed on the anticyclonic motion (e.g. Vogel et
al. (2019)). Within the AMA, young air is transported to UT/LS altitudes during boreal summer
and in this way various 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 UT/LS region. Based on satellite studies, the existence of the aerosol
layer at tropopause altitudes within the AMA region (ATAL - Asian Tropopause Aerosol Layer)
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 nearby the AMA centre (Vernier et al. (2015); Vernier et al.
(2018); Brunamonti et al. (2018); Hanumanthu 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 material has reached
UT/LS levels within the AMA, the elevated tropopause potential temperature during the
monsoon season allows the material’s isentropic dispersion into the “overworld” stratosphere

(Pan et al. (2016)). Three-dimensional simulations with the Chemical Lagrangian Model of the

6
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Stratosphere (CLaMS) and backward trajectory analyses show that by 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 (corresponding to ~ 60 hPa). According to these simulations (Vogel
et al. (2019)), air masses are lifted due to diabatic (radiative) 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 previous 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 in-situ measured in 1 Hz resolution by means of a 4-
channel condensation nuclei (CN) counter COPAS (COndensation PArticle counting System, cf.
Weigel et al. (2009)). For reduction of the statistical noise, the COPAS 1 Hz-raw data (direct
signal of the scattered-light-detectors) are preprocessed by applying a 15-second running
average. Three of the four COPAS channels operate with different 50 % detection particle
diameters dpso (i.e. 6 nm, 10 nm and 15 nm). The fourth COPAS channel (with dps0 =10 nm)
detects particles downstream of a heated (270°C) sample flow line, resulting in measured
particle mixing ratios of non-volatile (nv) particle residues or refractory particles (e.g. soot,

mineral dust, metallic particle material, etc.).

2.1.1 COPAS operation during StratoClim 2017

The sampling is carried out via the forward facing aerosol inlet of COPAS well outside the
boundary layer of the aircraft. For stratospheric particle concentrations, the COPAS
measurement uncertainty of the StratoClim 2017 data discussed herein is about 15%, which is
due to particle counting statistics 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 several studies (Curtius et al. (2005); de Reus et al. (2009); Borrmann et

al. (2010); Frey etal. (2011); Weigel et al. (2011), and Weigel et al. (2014)).

For StratoClim 2017, a new inlet configuration was used, allowing both COPAS instruments to

sample through a single aerosol inlet, resulting in an almost doubled flow velocity through the
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sample tubes and reduced diffusional particle loss. This setup required the reanalysis of the

corrections to account for particle loss (

Table 1) using the method introduced by von der Weiden et al. (2009) with modifications for
low-pressure application. One of the four COPAS channels detects particle number densities of
non-volatile particle residues downstream of a heated stainless steel tube (at ~ 270°C)

(Appendix A)

2.1.2 NPF identification: definitions and notations
The particle densities are typically measured by COPAS in particle number concentrations N (in
cm-3, ambient conditions), but are also presented here as mixing ratio n in units of particles per
milligram of air (mg?!) for consistent comparisons of measurements from different pressure
levels and for correlations with the mixing ratios of gaseous tracers. Hereafter, the notation nio
refers to the mixing ratio of sub-micrometre sized particles with diameters greater than 10 nm.
The measurement of ne (of particles with dp,>6 nm) and nis (dp>15nm) allows for the
identification of recent NPF. The notation nionv refers to the mixing ratio of non-volatile

particles (Appendix A) with corresponding size range as specified for nio. The proportion f of

Nniohv

non-volatile particles is given as the ratio in percent.

N10

Elevated number concentrations Nnm of nucleation-mode particles (defined as Ng - N15 = Ne.15)

serve as an indication of recent NPF when additionally the NPF criterion (Equ. 1) is met:

08 -Ng- 1.2-Ny5 > 0. (1)

This criterion was reassessed for the StratoClim 2017 data set based on the definition used by
Weigel et al. (2011) to account for the COPAS detectors’ signal-to-noise ratio and the counting
statistics. The NPF criterion therefore sets a conservative threshold (ibid.) that additionally
accounts for the full range of data scattering (i.e. 20 % over periods of invariable N) that exceeds
the 15 % uncertainty of the concentrations measured with COPAS. The strict criterion
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 Ne.i5 are then corrected concerning particles’

diffusional loss inside the aerosol lines as described in Section 2.1.1 (cf. also Table 1). The
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calculated number concentrations Ne.15s are corrected by multiplying the factor k. (Table 1),

which is a function of the static pressure during the measurements.

Provided that the NPF criterion is met, a series of measurement points is denoted as NPF event if
the measured number concentration (or mixing ratio) of nucleation-mode particles remains
continuously greater than zero for at least five seconds of measurement. In total, 25 cases out of
130 individual events had a duration of less than five seconds, therefore for these 25 the number
of newly formed particles and the feature duration are uncertain. Mainly those features that are
much too short (e.g. lasting only one second) are filtered out by applying the NPF event
definition. Based on the mean airspeed and maximum ascent/descent rates of the M-55
Geophysica (~ 154 £ 39 m s'1; up to 10 m s1), this definition implies that a feature of elevated
Num lasting over five seconds extends over a horizontal distance of ~ 770 m (at constant course)

or vertically over up to 50 m.

The period of flight time during which the event criterion (Equation 1) is met is referred to as
the NPF event duration. From this information, the mean airspeed is used to infer the horizontal
extent of NPF fields - with caveats. Such estimates are limited by the assumption that an
encounter of elevated Num (over tens of seconds and minutes) is actually due to a single NPF
event and does not consist of a series of possibly overlapping events. In addition, the determined
horizontal distances refer to an average flight speed (~ 154 + 39 m s-1) and the flight attitude is

assumed as unchanged during the event duration.

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

and are denoted as

e intense (often used synonymously with most recent NPF) if nnm exceeds 10000 mg-1,
e intermediate for NPF with 1000 mg! < nym < 10000 mg-?, and

e weak NPF when detected n,m remained below 1000 mg-, respectively.

This classification refers to laboratory studies by (Kirkby et al. (2011), Kiirten et al. (2016)),
according to which the NPF-rate and the NPF intensity (i.e. its new particle productivity) varies
with the degree of supersaturation of the vapour from which the new particles form. Due to the
short persistence of the freshly formed particles in the nucleation mode (cf. Section 4.5), an

intense NPF event is still proceeding when observed, or it had phased-out very recently (within

9
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hours) before the detection. For encounters of weak or intermediate NPF the conclusions

concerning the event’s age remain ambiguous.

2.2 Particle size distributions from the Ultra-High Sensitive Aerosol

Spectrometer UHSAS-A

The measurements of the aerosol particle size distributions during StratoClim 2017 were
performed with an in-house modified airborne version of the Ultra High Sensitive Aerosol
Spectrometer (UHSAS-A; manufacturer DMT Inc., Longmont, CO, USA). The modifications on the
flow and pumping system of the UHSAS-A enabled maintaining constant system-flows (sample-,
sheath-, purge-flow) through the instrument 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 performance and its calibration during the campaign period is
provided by Mahnke et al. (2021). The uncertainty of the number concentration measured by
the UHSAS-A with 1 Hz resolution was determined to be ~ 10 % for the particle diameter range
of 65nm<d,<1000nm, based on laboratory characterisations of the sample-flow
measurement and of the counting efficiency of the instrument (ibid.). Due to the unknown in-line
temperature of the sample and the wide ambient temperature range throughout
StratoClim 2017, a maximum uncertainty of the UHSAS-A measurements 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 Orthogonal Polarization (CALIOP) are presented

by Mahnke et al. (2021).

2.3 Carbon monoxide (CO) measurements

During the StratoClim 2017 mission, CO mixing ratios were determined by means of the tunable
diode laser (TDL) detection principle, which the analyser Carbon Oxide Laser Detector-2 (COLD-
2) spectrometer is based on. According to comprehensive 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
measurement’s temporal resolution is improved by a factor of four, the in-flight sensitivity of the
COLD-2 spectrometer ranges at about 2 nmol mol! at integration times of 1 s, and an accuracy of

3 % is specified for the CO measurement with COLD-2 (Viciani et al., 2018).

10
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2.4 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
6 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 6 -range over which the StratoClim 2017 flights extended (i.e. up to ~ 477 K), the WMO
recommended calculation of 0 differs at the most by up to ~ 1 K from the values obtained when

using the recently reappraised 6 -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 reanalyses 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, 55 hPa,

respectively) representing a vertical resolution of about one kilometre in this region.

The aircraft data are analysed in coordinates relative to the tropopause height and to the
monsoon anticyclone center, 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 8 at tropopause level was interpolated to the 1 Hz-resolved
position along the flight track of the M-55 Geophysica, and the measurement data were sorted as

a function of #-distance (A6) to the local tropopause as vertical coordinate.

The centre of the AMA was determined based on the anomalous potential vorticity distribution
within the monsoon 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
calculated for a given closed PV contour as a projection onto polar coordinates (Ploeger et al.,
2015). An equivalent latitude of 90° North corresponds to the center of the anticyclone (lowest
PV), and the equivalent latitude decreases with increasing distance from the centre, or rather,
towards the anticyclone’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

11
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PV anomaly occurs. The uncertainties of calculated equivalent latitude become significant at

levels beyond the * 30 K range above /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 (cf,,
e.g., Jacobson (2005) and Equation 15.2 therein) as formulated in the numerical chemistry-
climate model SOCOL (SOlar Climate Ozone Links; Stenke et al. (2013)). For the coagulation of
nucleation-mode aerosol particles the Brownian coagulation kernel (Jacobson (2005), Equation
15.33 therein) is used. The particles are assumed as spherical, and the model is based on a

discretisation of the volume space, wherein the ratio of two subsequent volume size bins is

Vi+1
k

constant, = 1.4. The particle size range of the first volume size-bin V1 corresponds to

particle diameters of 7.5 nm <dp1 < 8.5 nm. With a total number of 40 size bins, the largest

particle size included in this investigation is about 635 nm (= d, 49 = (1.4)33_9 “dp1)-

The coagulation rate and, thus, the persistence of the nucleation-mode particles, was simulated
under given background conditions during observation. As input for the simulation, the aerosol
size distribution detected by the UHSAS-A (nominally covering 65 nm < d, < 1000 nm, cf. Section
2.2 and Mahnke et al. (2021)) was extended towards smaller diameters by further particle size
bins obtained from the measurements with COPAS. For the simulation presented herein, the NPF
event on 04 August 2017 (KTM 5) over 26 seconds between 04:04:40 and 04:05:06 UTC
(pressure altitude: 110 hPa; ambient air temperature: 196 K) was selected. Each of the two size
size intervals of the COPAS measurements in the nucleation mode, i.e. 6 nm <dp <10 nm and
10 nm <d, < 15 nm, is divided into three subintervals to adapt to the higher particle size
resolution of the coagulation model. The three sub-bins within the size classes 6 - 10 nm and
10 - 15 nm were uniformly set to one third of the respective concentration N¢.10 and Nio.15. The
difference between the total number concentrations Nis (COPAS) and Nes (UHSAS-A) yields the
number concentration of Nis.6s. The number concentration Nis.¢s (~ 5000 cm-3) was interpolated
over 13 sub-bins (with exponential degradation on increasing particles size) such that the size
distribution exhibits a continuous transition towards the detection size range of the UHSAS-A.

The size-segregated aerosol concentrations measured with the UHSAS-A were interpolated
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(with respect to particle size) to the resolution of the remaining 21 sub-bins of the coagulation
simulation. The particle concentrations N(dp) over the entire particle size range from the
nucleation-mode sizes to up to d, =1 pm were converted into an aerosol size distribution
dN/dlogd, in cm3 as a representation of an initial state and input for the coagulation

simulation (for more details see the results in Section 4.5).

[t is worth noting, that for the coagulation simulation, the NPF event is considered as 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 hours. Generally, constant
conditions of atmospheric pressure (p) and temperature (T) are assumed over the 24-hours
period for the simulation, as the air is lifted very slowly at TTL levels within the AMA (by ~ 1K
potential temperature per day, cf. Vogel et al. (2019), corresponding to Ap = 1-1.5 hPa and
AT < 1 K per day).

3.3 Analyses of trajectories and the air mass transport history

Fifty - days backward trajectories were calculated for each sampling position along Geophysica’s
flight track in 1 Hz resolution during the StratoClim 2017 mission using the trajectory 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 ERA-5 reanalysis (Hersbach
and Dee (2016)). With the vertical resolution of the ERA-5 data a much better representation of
convective updraught and tropical cyclones is realised (Hoffmann et al. (2019)) compared to
earlier re-analyses (Dee et al. (2011)), in particular, in the region of the Asian summer monsoon
(Li et al. (2020)). Further detailed validation of the very new ERA-5 products is required, so ERA

interim re-analyses still represent the state of the art until ERA-5 becomes the new standard.

For vertical air mass transport velocities, the diabatic approach 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 contact with the
model boundary layer at 2 - 3 km above the ground. This allows for investigating the location of

the sources influencing the mixing ratios in the air samples taken aboard the M-55 Geophysica.
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3.4 The age of air since release from convective outflow

The history of a convective air mass is analysed by making use of the TRACZILLA Lagrangian
model (Pisso and Legras, 2008), which is a variation of 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 one-second resolved time step along the flight path.
The trajectories were traced back over a period of 30 days in the geographical domain (between
10°W and 160°E and between equator and 50°N, respectively). The meteorological fields
(horizontal winds and radiative heating rates) are taken from ERA-5 reanalyses. The convective
influence is then distinguished from uninfluenced cases by high-frequency images (one image
per 10 - 15 minutes) 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 approached the influence of convective cloud
processes on the number concentrations of aerosols and in particular of nucleation-mode
particles in the upper troposphere. In 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 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, uncertainties still remain. Those arise mainly from
uncertainties in the identification of the cloud top from image data of geostationary satellites,
the impossibility to account 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 release of
the cluster and the convective cloud crossing. Since the trajectory cluster can spread in space
and bring different 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

clouds crossings) is considered in this analysis.
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4 Observations and results

Figure 1 shows the flight tracks of the eight mission flights conducted during StratoClim 2017.
The vertical indices (visible in Panel b) highlight the flight sections where significantly increased
mixing ratios of nucleation-mode particles n.» were encountered, which are attributable to NPF.
NPF of varying intensity occurred near or above the southern flank of the Himalayan (features
over Nepal and towards Northeast India) and in a distance of more than 500 km away from the
mountains (near the coastline of Bangladesh or the Northeast Indian coast towards the Sea of
Bengal). Of the entire COPAS measurement time (~ 22.5hours) at altitudes above 10 km
(= 350 K potential temperature) about one third (i.e. ~ 9 hours) of the air samples were taken
north of 26° N, i.e. mainly in the immediate vicinity of the Himalayan Mountains, over Nepal and
neighbouring areas of northeast India. Hence, over the period of the StratoClim field mission
during the 2017 monsoon season, the main transport of NPF precursor material into the UT/LS
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,

N

the time limits (event duration and day time of occurrence),

w

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. (2021b). 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 median with percentiles in Figure 2. The vertical CN
profiles from tropical regions of South America and West Africa (TROCCINOX, 2005 and SCOUT-
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AMMA, 2006, Figure 2, Panels a and b) exhibit merged data of two independent CN-detectors
with individual dpso (i.e. Ng¢ for 6>350K and Ns for 6<350K), which were deployed on
individual aircraft, the M-55 Geophysica and the DLR Falcon-20 (cf. Borrmann et al. (2010) and
Weigel et al. (2011)). The dark shaded areas of the vertical profiles illustrate the scatter of
number concentrations between the 90th and 99t percentiles. At tropopause altitudes around
380 K (indicated by vertical bars), or rather at the bottom TTL, the variability of detected
concentration reaches a maximum between 90th and 99t percentile. The increased 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 concentrations due to the variable
production rate of particles by NPF (cf. Section 0). Exclusively above the tropopause within the
AMA (Figure 2 c), 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 concentrations (90t to 99th percentile range) is
significantly increased in reference to the median values, while in other regions above the
tropopause (Figure 2 a and b) the profiles of aerosol concentrations show a smoother transition

into the stratosphere.

For comparison, in Panel d of Figure 2, particle number concentrations Ns3 are compiled as a
vertical median profile (with percentiles) 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 region where NPF predominantly occurs with the
largest impact on the fine-mode (sub-micrometre sized) aerosol particle concentration (e.g.
Borrmann et al. (2010) or Weigel et al. (2011)). However, this vertical profile (Figure 2 d)
illustrates additional features at altitudes above the mean tropopause altitude (assumedly
located at ~ 380 K). The locally increased concentrations with respect to the median become
apparent at ~380-390K and at ~400-410K, respectively. Above tropopause levels,
significantly increased number concentrations of fine-mode particles, potentially caused by local
NPF, were observed over both, Central America (Figure 2 d) and the Indian subcontinent within

the AMA (Figure 2 c).
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4.2 Mixing ratio of submicron particles, abundance and fraction of refractory particles

from StratoClim 2017 observations

The entire StratoClim 2017 data set of measured (1 Hz-resolved) particle mixing ratios ne and
nio is summarized in Figure 3 a as function of potential temperature. The resulting median
profile ne of the StratoClim 2017 measurements is shown with 25t and 75t percentile (blue
profile). This allows for a direct comparison with the corresponding median profiles from earlier
COPAS measurements at tropical regions (in red: TROCCINOX, Brazil, 2005 and in dark green:
SCOUT-AMMA, West Africa, 2006, cf. Borrmann et al. (2010) and Weigel et al. (2011)). Figure 3 a
includes also the median vertical profile of the mixing ratios of fine-mode particles (bright green
line), which was obtained from measurements over Central Pacific, at tropical latitudes (Brock et

al, 1995).

The profiles (n¢, nio, and num in Figure 3 a and b) are structured as:

1) ~ 350 - 380 K: characterised by the largest scatter of the particle mixing ratios and the
highest values of up to 5104 mg-, thus, representing the height level of the profile's
maximum.

2) ~380-415K: the scatter of the particle mixing ratios is still increased though less
prominent.

3) Above ~ 415K: characterised by a comparatively weak but extant scatter level of
particle mixing ratios, which also includes features of the median ns profile at 410 -

415 K within the AMA.

The course of the median profiles exhibits similar characteristics. 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 decrease with altitude
on similar gradient. In the altitude range between 360 K 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 almost in line with each other up to 400 K. The vertical median
profile of particle mixing ratios determined in the AMA (blue) during StratoClim 2017 exhibit
the highest mixing ratios at each height level up to ~ 415 K. Additionally, the AMA profile

features a substantial increase of the median mixing ratio at altitudes of ~ 410 - 415 K, where
17
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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 measurements from South America (red) show comparatively increased
values. Above 440 K, the particle mixing ratio over West Africa (dark green) significantly
deviates from those of all other vertical profiles, as visible from the gradual increase of the
particle mixing ratio with altitude. This deviation was attributed to the influence of the high-
reaching volcanic injections of Soufriere Hills (Borrmann et al, 2010). The 1 Hz-resolved
StratoClim 2017 data (grey dots in Figure 3 a) are added to the graph to illustrate how the

scatter of measured particle mixing ratios relates to corresponding median profiles.

Figure 3 b shows the vertical distribution of the mixing ratio of the nucleation-mode particles
nnm (cf. Subsection 0). The flight-by-flight colouration of the data points indicates that increased
nnm vValues were observed during each of the eight StratoClim 2017 mission flights. In addition,
Figure 3 b shows the wide range of altitudes over which the layers of increased nnm were
observed during the individual flights. Remarkably increased values of n,m were detected up to

altitudes as high as 400K.

Figure 3 ¢ depicts the 1 Hz-resolved mixing ratios of the non-volatile particles nionv (cf.

Appendix A) as also the resulting median profile of nionv with 25th and 75t percentiles. Figure

3 ¢ additionally shows the median profile of ne as in Figure 3 a, which illustrates the vertical

progression of nijonv in direct relationship to the NPF-influenced total particle mixing ratio.

Figure 3 d illustrates the vertical distribution of the fraction f of non-volatile particles, i.e. the
nyonv

ratio e (cf. Subsection 2.1.2), which is presented in 1 Hz-resolution as also the profiles of
10

resulting median with 25t and 75t 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 nionv
profile and of the fraction f coincide with the local maximum of ns (i.e. ~ 355 - 375 K). Above
370 K, the nionv profile follows the general decline with height. Above 390 K, both mixing ratios
(ns and nionv) 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 n¢ nearly stagnates whereas nijonv

exhibits slightly dropping mixing ratios.
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In essence, the vertical profiles of the total particle mixing ratio ns and those of the non-volatile

particles nionv are divided into three ranges:

A) Atthe bottom TTL region (6 < 375 K), both ne and nionv 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 total mixing ratios towards high values, which
exceed the median by more than one order of magnitude. In this altitude range, a local
deficit of the non-volatile particle compounds favours the occurrence of NPF.

B) Further above, i.e. ~ 375K <6 <415 K, continued albeit attenuated NPF is identified at
tropopause levels within the AMA. The non-volatile particle compounds (nionv) slightly
decrease compared to levels below 375 K. The fraction f however rises towards 40 %.
Nevertheless, n,m of 400 - 2000 mg! at heights of up to ~ 400 K indicate sustainably
effective NPF.

C) Above 415 K, the values of the total mixing ratio ns approach previous observations (e.g.
Brock et al. (1995)). The scatter of ns and nionv is considerably decreased at these
altitudes. NPF appears to have entirely abated, since at these heights sufficiently high nym
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 UT/LS. From the CO, ozone, and nitrous oxide content in air samples taken
throughout StratoClim 2017, von Hobe et al. (2020) 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. 8~400K). Moreover, they found that mixing processes with stratospheric air are of
increasing significance at levels between 400 K and 420 K (ibid.). At altitudes above 0 ~ 440 K,
the median mixing ratios ne exhibit a vertically stable continuation after another sharp drop
between 435 K and 440 K (Figure 3 a and b). Brunamonti et al. (2018) specified 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 n¢ (Figure 3 a

and b) represents stratospheric background values.
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The ATAL (Vernier et al. (2011a), and see also Hopfner 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
concentration (ibid.) at potential temperatures of ~ 400-420 K (well above tropopause levels)
coincides with the uppermost altitude limit of main NPF activity at ~400K (~ 17.5 km)
observed during StratoClim 2017 (cf. Figure 3). Here, the most substantial decrease of both

mixing ratios ns and nionv was observed on transit from ~ 410 Kto ~ 415 K (at ~ 18 km).

4.3 Occurrence frequency of NPF events

Figure 4 shows the 130 individual NPF events sorted according to their duration. Based on the
average flight speed (Section 0), and assuming a constant heading during flight, the mean
horizontal distance per 10 seconds flight time ranges at about 1.5 km. The spatially most
extended uninterrupted NPF signature throughout StratoClim 2017 spanned a mean horizontal
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 duration of 262 seconds
(~ 35.5 km of covered flight distance). Another three individual NPF events were observed
above West Africa (ibid) over 20, 83, and 98 seconds (~ 3 km, ~12km, and ~ 13 km)
respectively. Approximately 45 % of 130 NPF events observed throughout StratoClim 2017
were of less than 20 seconds duration (~ 3 km), while the majority (~ 75 %) of NPF
observations above the Indian subcontinent extended over less than 80 seconds (~ 12 km,
Figure 4 a. The vertical profile (Figure 4 b) show that above 380 K predominantly short events of
less than two minutes duration with comparatively low mixing ratios n.m, were encountered.
Here, observed NPF events rarely lasted for several minutes (i.e. 5-6 minutes). In the lower TTL
range, i.e. below the tropopause, the number of persistent 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

one to a few (up to about seven) minutes.

Figure 5 depicts the diurnal distribution of observed NPF events. The frequency of NPF event
observations is analysed as a function of the local daytime (LT) at Kathmandu, Nepal (Figure
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 between 10:00 and 10:30
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a.m. (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 seconds) was observed, most of which (25 of 31 events) lasted for less
than 80 seconds (< 12 km mean horizontal distance). The measurements in this time window
occurred at two distinct altitude layers, ~ 360 - 370K 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 n,, never ranged outside ~ 500 - 5000 mg! during this day time.
Throughout the StratoClim 2017 mission, no further NPF event was observed above 390 K at
any earlier day time and only two single events were encountered at these heights during
different flights at a later day time (~ 12:20 and ~ 17:30 LT, respectively). Whether this
pronounced frequency of NPF occurrence at a particular time of day is due to bias effects would
require a larger database. Beyond this, preferred day times when NPF was observed with
particular frequency were not identified in the StratoClim 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 dependence of NPF would be expected if H,SO4 is
assumed to be the main nucleating compound whose production maximum (from the reaction

SO + 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 observations were made
mainly during the afternoon. All NPF events, which lasted longer than five seconds, were almost
evenly distributed over the day. Furthermore, Figure 5 c indicates that the longest NPF events
are not generally associated with highest mean mixing ratios n,,. 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 spatial 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 measurements during
previous missions (cf. Borrmann et al. (2010); Weigel et al. (2011)). Only a few events were

observed during StratoClim 2017, which lasted more than 100 seconds, but it cannot be
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excluded that they were actually composed of individual events of smaller extent. Very short
events (< 10 s) make up almost 40 % of all NPF events observed. Consequently, hereafter, all
events shorter than five seconds (i.e. 25 out of 130 events) are discarded from further analyses.
In this way, individual 1-2 second features are filtered from the data. In addition, for the
evaluation of individual NPF events, the reliability of the results increases if the arithmetic
averaging occurs over more than five data points. Finally, the accuracy of the specified event
duration improves as the raw signal processing (Subsection 2.1.3) smooths the temporal

salience of short events.

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 n,,, measured during the
individual NPF events as a function of (1) the vertical distance A8 to the lapse rate tropopause
(Figure 6, Panels a and c) and (2) the mean equivalent latitude Kqu (Figure 6, Panels b, and d).
NPF events above the lapse-rate tropopause (Figure 6 a, positive A@ 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, 31July, and on 04 August 2017, respectively, with maximum ceiling > 475 K) or
during the last mission flight (KTM 8, on 10 August 2017, maximum ceiling ~ 435 K). All further
observations up to 6 > 425 K were located below the lapse-rate tropopause (negative A9, down
to -35K) or in its close vicinity (A8 =~0K, e.g. KTM 6, 06 August 2017, maximum ceiling
~ 380 K), i.e. in or above the region of the main convective outflow. As indicated by Stroh and
the StratoClim group (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 (Figure 6 b). An exception is a flight segment of flight KTM 3 (on 31 July 2017), where
weak NPF with mixing ratios n,, of ~500- 1300 mg! were detected at the farthest distance
from the AMA centre (near the turning point at about 21.5° N and 80° E geographic coordinates,
see Figure 1). These measurements (at Kqu < 60° N) were made well above the tropopause since
at positive A (up to + 10 K) mean CO mixing ratios of 45 - 50 nmol mol-! (Figure 6, Panels c and
d) in agreement with satellite-based CO observations for altitudes of ~ 16-19 km within the

AMA (Park et al., 2009).
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Towards the AMA centre (¢eq, > 60°N), the NPF events are distributed over the entire range of

AB. Here, weak NPF with several hundreds of nucleation-mode particles per milligram were
observed well above the lapse-rate tropopause (A8 = + 28 K). The vertical distribution of the
NPF events indicates that those events with the highest 7, and mainly elevated CO mixing
ratios (65 nmol mol-! to ~ 137 nmol mol!) were encountered exclusively below the lapse-rate
tropopause (to minimum A6 of - 35K). Regarding a relationship between (a) the relative
position to the AMA centre and (b) the effectiveness of vertical transport or the NPF rate, the
StratoClim 2017 data show: between 60°N and 90°N equivalent latitude, there is no indication
that the mixing ratios of n,, and CO depend on the position with respect to the AMA centre.
Close to the AMA centre (60°N-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 as largely independent from ¢,
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 duration 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 time
scales. Gaseous precursors, which are saturated or supersaturated under NPF conditions, may
condense and additionally contribute to the growth of particles out of the nucleation-mode size

range, which is considered as a secondary process.

The aerosol size distribution, which was compiled from the measurements during a NPF event
as input for the coagulation simulation (cf. Section 3.2), is depicted in Figure 7 (black circles with
horizontal bars indicating the width of their respective particle size bins of the model). The
simulated change of the initial aerosol size distribution due to coagulation is shown in one-hour
steps in different colours and line types (Figure 7 a). From this simulation, the temporal decay of
Num was derived (Figure 7 b, solid black line), whereby the gradient of this decay illustrates the
coagulation rate. The sequence of the simulated size distributions indicates that the initial
amount of nucleation-mode particles is reduced by coagulation within a few hours. Within the
first hour after an expired NPF event the nucleation mode is no longer predominant in the

overall size distribution, as seen from the maximum of the distribution at d, > 15 nm after one
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hour of simulated coagulation (solid red line in Figure 7 a). Hence, with adopted instruments for
the detection of nucleation mode particles, a clear NPF signature is identified only while NPF is

just proceeding or for a very short time immediately after an expired NPF event.

The concentration of nucleation-mode particles Num decreases steeply over time (Figure 7 b).
From initially ~ 13000 cm-3 of nucleation-mode particles (~ 75 % of Nwtal) at the earliest stage,
Num falls below 1000 cm3 (~ 20 % of Niotal) within about 1 hour (the grey shaded areas serve for
reference). The detection of 1000 cm3 of nucleation-mode particles, however, would be
interpreted as a NPF event of intermediate strength (cf. Section 0). In addition, coagulation leads
to Nnm below 100 cm3 (< 5 % of Nioal) during less than four hours and to Num of less than 10 cm-3
within nine hours. 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
circumstance 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 keeping
constant background aerosol conditions. In three further simulation runs, the initial Nnm was
multiplied by the factors 0.1, 10 and 100, respectively (Nam, 0.1, Nam, 10, Nam, 100, dashed lines in
Figure 7 b). Increased initial concentrations of nucleation-mode particles, Num, 10 and Num, 100, last
only for about 15 minutes compared to the original Nnm (black line in Figure 7 b). The initial
values ~ 105 or ~ 106 cm-3 drop very quickly due to elevated coagulation rates, and in both of
these cases, Nnm, 10 and Nnm, 100 fall below 1000 cm-3 within less than one hour. The threshold of
100 cm3 is crossed after less than 2 hours (Num, 10) or after 30 minutes (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 expiration. However,
for the simulation of decreased concentrations (Nmm,o.1), the coagulation rates remain nearly
constant, as indicated from the almost identical decays of Nom, 01 and Nnm (Figure 7 b). Simulated
concentration of nucleation-mode particles fall below 100 cm-3 within almost the same time
from the initial values Num, 0.1 or Nnm, 10, respectively. Further investigations on the sensitivity of
the simulation to the assumed pressure and temperature conditions as simulation input did not
reveal any significant dependence, unless the input is varied by more than * 10 hPa and + 18 K

from used values of respective parameter (not shown herein).
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Based on these estimations, the detection of elevated Num indicates that an event with high NPF-
rates is currently proceeding, or a recently expired NPF event was observed. Detections of lower
values of Nnm could indicate a) intermediate or weak (currently proceeding) NPF at low
supersaturation of the NPF precursor or b) a 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 yet frequent NPF encounters on each
measurement flight during StratoClim 2017 indicate the prevalence of such events within the

AMA.

5 NPF’s connection to ground sources and vertical transport

5.1 NPF in relationship to CO as pollution indicator

NPF events with moderate numbers of nucleation-mode particles (< 1000 cm-3) in the lower TTL
region were previously attributed to CO mixing ratios above ~ 70 nmol mol-! (60 - 70 nmol mol!
were assumed as a typical CO background in the pristine marine boundary layer, cf. Weigel et al.
(2011)). Elevated amounts of nucleation-mode particles (of up to ~ 6000 cm-3) at altitudes of
350 K< 0< 360K were associated with significantly increased CO mixing ratios of more than
85 nmol mol! (ibid.). These results, mainly based on two single NPF events over West Africa
(SCOUT AMMA 2008), could have indicated a correlation between NPF rates and CO- load from
pollution. However, almost a hundred of individual event observations (Section 4.4 and Figure 6,
Panels ¢ and d) indicate, that the relationship between pollution level and NPF-rates is less
direct than expected. In Figure 8, the 1 Hz-resolved data of synchronous detections of CO and
particle mixing ratio during the entire StratoClim 2017 mission are compared. To illustrate the
relative scattering of both ns and n.m, the total particle mixing ratio ne¢ is shown in the
background (grey dots) and the mixing ratio of particles in nucleation mode nm, (dots coloured

with respect to 0) is displayed in the foreground.

At altitudes below the tropopause (below ~ 380 K), where NPF-rates lead to highest nm, the
relationship between the 1 Hz-resolved n¢ or n,m and the CO mixing ratio is highly variable. At
CO levels of 80 - 100 nmol mol!, the scatter of n.m ranges from 700 mg?! to the absolute
maximum of about 50000 mg1. This maximum nnm is exclusively reached at CO mixing ratios of

100 £ 2.5 nmol mol-1. At the maximum CO mixing ratio (i.e. ~ 150 nmol mol-!), particle mixing
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ratios nnm of about 6000 mg! (median value) were detected. Within a range of CO content
between 85 and 130 nmol mol-, the nnm (median) mixing ratios ranged consistently between
2000 and 10000 mg!, apart from the notable exception at about 100 nmol mol-l. CO mixing
ratios between 60 nmol mol! and 80 nmol mol! were detected just below or at tropopause
levels (yellow to orange colours) coincidently with decreasing n,m from about 3000 mg! to
values below 1000 mg!. For CO mixing ratios below 60 nmol mol!, n,» 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 n.m values) likely result from both the degradation
of CO (cf. von Hobe et al. (2020)) and the lacking supply of NPF precursor material by direct
transport. According to von Hobe et al. (2020) any indication is missing that convection
penetrated the tropopause during the StratoClim 2017 period. However, Lee et al. (2019)
investigated the TTL-hydrating influence of an overshooting event that occurred in the Sichuan
Basin about 1.5 days before the StratoClim measurements southbound of Kathmandu over
northeast 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 (cf. Section 3.3) at which NPF was detected (Figure 9 a and b). In this way,
the geographical position of the last BL contact of the air before the observations (1 Hz
resolution) of elevated num (= 300 mg!) is obtained throughout the StratoClim 2017 mission
(Panel a). In addition, the geographical position of the trajectories' fastest uplift during their

transport history was determined (Panel b).

(2) The ERA-5 reanalysis data were examined with regard to the transport time of the
trajectories between the position in the BL and the coordinates of the measurement point
(Figure 10 a and b). The transport time is then coupled with the geographical position of the last
BL contact of the air before the NPF observations (Panel a) and the position of the trajectories’

fastest uplift in their transport history (Panel b).
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According to the distribution of the trajectories’ latest BL contact with reference to the nmm
mixing ratio (Figure 9 a), hardly any systematic structure is visible (the close-up views in Panels
a.1 and a.2 provide a new scaling and arrangement of the points of identical data set). The
possible source regions are distributed over the entire region almost independently 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 possible 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 (Figure 9 b, close-up
views in Panels b.1 and b.2) and better reflect the contours of an area where efficient convection
frequently occurs within the monsoon region. Fastest updraught with simultaneously increased
Nnm is found in the Kathiawar region on the Indian west coast towards the Arabian 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 nn.m, where also the
fastest vertical upward transport occurred. Finally, the shape of the Himalayan Mountains is

traced by the locations with the fastest vertical air mass transport over a wide range of num.

Also the shortest transport times from the BL are found around the Himalayan mountains and
their foothills. Whereas the transport 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 days. In Figure 10 (a and
b, cf. also respective close-up view), the contour of the Himalayan mountain chain is clearly
reproduced by the distribution of the data points (transport times of less than ~ 5 days and
fastest vertical updraught). Hence, for the duration of the StratoClim 2017 mission, the
convective uplift mainly occurred within the AMA. This more compact regional distribution of
vertical uplift (Figure 10 b) 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 n.m, which have experienced convective uplift over Tajikistan and northern
Afghanistan as well as over regions around the Yellow Sea, the Korean Peninsula or Japan, hence,

far away from the AMA system.
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Both graphics, Figure 9 and Figure 10, finally show that the region of the air's last BL contact and
the location of the fastest vertical uplift do not necessarily coincide. Similarly, the locations of
the fastest updraught do not always match the shortest transport times, but for most cases in the
immediate vicinity of the Himalayas 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 various 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 n,m mixing ratios as a function of the air mass transport time

from the BL is shown in Figure 11:

1) Above 380 K, almost all observations of enhanced n., are associated with air mass
transport times of more than 12 days. At 380 * 3 K, none of the detected n.m is connected to air
mass transport times of less than 12 days. Several times higher nnm (with 103-104 mg1) were
detected below 380 K in air masses, which had experienced more than 25 days of transport time
from the BL.

2) Below 380 K, the transport times are variably distributed over the altitude range
between 350 K and 380 K. The air masses with shortest transport times are located in the height
interval between 360 K 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 effective convective transport and are then moved further aloft, towards
370 K, with much lower ascent rates (Vogel et al., 2019) due to the prevailing air mass uplift
within the AMA.

3) On occasion, very short transport times were found with maximum n.m at altitudes of
about 367 K and 370 K. However, the highest n,m are mostly not observed in air with such short
transport times. Within 370 * 3 K, the detected nnm reach extreme values (~ 50000 mg1!) in air
with transport times of up to 15 days. Above 370 K and below 355 K none of the maximum nnn is
associated with transport times of less than 6 days, and here, the highest n,m, were detected in
air with transport times of up to 25 days. 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.
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5.3 The relationship between NPF and convective outflow
For the following analysis, which is summarised in Figure 12, the vertical distribution of the

mean mixing ratios m,,, of respective NPF event (cf. Sections 0 and 4.4) are juxtaposed with

a) a measure for the convective contribution to the composition of the probed air mass and
b) the mean transport time within the TTL since their release from the top of individual

convective cells (cf. Section 3.4 for both variables).

Figure 12 a broadly confirms the general understanding that the main outflow region of deep
convection is well below 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 7, < 2000 mg! generally remain in the lower range of moderate intensity (cf. Section 0),
although there was one of the rare observations of overshooting convection up to levels ~ 385 K
where NPF was detected in coincidence with ice cloud elements (cf. Weigel et al. (2021b)).
Hence, if in exceptional cases the outflow region of deep convection extends above the 380 K-
level, as indicated by the presence of ice 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 %. However, a remarkable proportion of observations below 380 K indicates
convective contributions of less than 60 % and down to 25 %. Below ~ 375 K, mean mixing
ratios n,, of 1000-2000 mg! were associated with 100 % convective contribution, and mixing
ratios of more than 10000 mg! were sometimes observed in air masses with ~ 30 % convective

contribution.

For the observed NPF events, Figure 12 b 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 days (or more) prior to its probing. Two events at ~ 382K and at
~ 385 K, respectively, indicate a more recent convective uplift, within 5 days before the air was
sampled. Despite the comparatively short transport times, here, the observed n,, remained
below 2000 mg!. At altitudes below ~ 380 K, the air predominantly resided within the TTL

region for less than 5 days prior to the observation. Nevertheless, some of the comparatively

intensive NPF events (with 1, * 7000 - 15000 mg! at ~ 360 K - 375 K) were observed in air,
which has been released from associated clouds’ top more than a week (and up to two weeks)

prior to the measurements. It should be considered, however, that short air mass transport
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times within the TTL are indicated also for NPF events with minor convective contribution

(<50 %).

From the StratoClim 2017 data base emerges that NPF occurs at the lower TTL (i.e. below the
tropopause) of the AMA in air masses that have been lifted by convection in time intervals
ranging from 5 days to about two weeks. However, it remains unclear whether in some of the
observed events the air samples were taken at a very advanced stage of NPF. Therefore, 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 of the reanalysis 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 convective outflow, the relationship between elevated n.m and convective
transport should be clearer than observed (cf. Section 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
(Hopfner et al. (2019); Wang et al. (2020)) or organics should promote the NPF of H2SO4 in the
TTL even at low supersaturations (Metzger et al. (2010); Kerminen et al. (2010); Kirkby et al.
(2011); Kirten (2019);(Wang et al., 2020)). The supersaturation required for initiating NPF
could temporally result from local cooling. Gravity waves (GWs) represent low-frequency
inertial 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
associated with a change in the vertical displacement of an air parcel and thus causes locally an

adiabatic heating/cooling by a certain absolute value AT.

Piani et al. (2000) provided simulations of GWs initiated by deep convection. Their studies
reveal a concentric propagation of GWs at altitudes above 15km 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 propagation at mid-
latitudes (Song et al. (2003) and 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
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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 properties
(Alexander et al., 2010), the indirect retrieval of GWs’ horizontal wavelengths remains uncertain
by a factor of two (or more), whereas instrumental limitations inhibit the GW detection 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 effect 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, cf.

https://www.eorc.jaxa.jp/ptree/index.html) indicate quite frequent occurrences of convective

plumes in the sampling areas during the StratoClim 2017 mission period, which occasionally
arranged in chains of convective cells along the Himalayan foothills. The StratoClim flight KTM 6
on 06 August 2017 enabled NPF observations immediately connected to convection, which
penetrated through the flight level on passage at constant flight altitude. The corresponding part
of the time series shown in Figure 13 covers the probing period in the air sector over
Bangladesh and the Bay of Bengal (cf. Figure 1). Two phases of NPF observations are highlighted
(hatched areas in Figure 13), immediately before and after the period between 09:20 and 09:30
(UTC), during which the flight altitude changed from 16.2 km 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 India and Bangladesh (cf. Figure 1b). The
outbound and return sections of the flight passed through the same convectively active region,

and the same convective system was likely probed at opposite positions.

Within the limits of the displayed time series (Figure 13 a) constant flight altitude and pressure
level were maintained, except for the turning manoeuvre, which was disregarded in the
following discussion. The mixing ratios ns, nio and nis coincidentally exhibited increased values
of variable strength (Figure 13 b), whereas during both NPF phases the particle mixing ratios
Nnm are elevated (> 10000 mg-1) or peak up to values of more than 20000 mg. The course of nym
is not mirrored by the CO signal (Figure 13 d), e.g. num is at maximum values when CO is still at
intermediate levels of ~ 110 nmol mol-L. In both NPF phases, the peaks of air's CO content (130 -

140 nmol mol-, Figure 13 d) were accompanied by increasing mixing ratios nionv by a factor of
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up to two compared to the background (Figure 13 b), indicating the passage through the
convective outflow plume, which also contained non-volatile aerosol material that was lifted

together with gaseous pollutants.

During the periods of the NPF observations, however, the ambient air temperature Tamp (Figure
13 e) visibly fluctuates in the order of +1K 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, Figure 13 e) exhibits the shape of a wave.

Figure 14 shows close-ups of the time series covering slightly more than one hour of
measurement on level flight, including the two periods of observed NPF (Panels a and b,
respectively). The curves exhibit the untreated 1 Hz temperature data set (T1u,) 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) is additionally approximated with an
overlaid wave fit (cf. 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 deviation ¢ of about
+ 0.25 K. In maxima, the scattering peaks slightly above the 3 o 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
temperature fluctuation during two NPF events with estimated wavelengths between 70 km and
100 km (for the higher frequency, while 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 fluctuation is subject to a wave that coincides well with the

occurrence of NPF.

It would go beyond the scope of this study to clearly attribute this temperature fluctuation to the
GW activity initiated by one specific or several convective systems. However, the amplitude and
wavelength of the observed fluctuation correspond qualitatively and quantitatively to the values
typical for GWs. Simplified estimates reveal that an increase of the H,SO4 saturation ratio by a
factor of about 1.75 - 2 readily occurs when the initial ambient temperature (e.g. at To * 190 K)

drops by 2 K (cf. Appendix B). If NPF is initialised by a negative temperature anomaly under

32



951
952

953
954
955
956
957
958
959
960
961
962

963

964
965
966
967
968
969

970
971
972
973
974
975
976
977
978
979
980

supersaturated conditions, the newly formed nucleation-mode particles hardly evaporate at re-

rising temperatures (e.g. when the GW-induced temperature anomaly becomes positive).
g p g p y p

The horizontal extent of GW-induced temperature anomalies, which can range from a few to
hundreds of kilometres, is generally comparable with the magnitude of the horizontal extent of
observed NPF fields (cf. Sections 0 and 4.3 as well as Figure 5 c). Since the time offset between
NPF observation 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, convective 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 StratoClim 2017 mission took place in
Kathmandu, Nepal, with eight mission flights (~ 22.5 hours of COPAS measurement time above
10 km, 6 = 350 K) up to altitudes of 20 km (6 = 475 K) with the Russian high-altitude research
aircraft M-55 Geophysica. The presented analysis comprises the description and discussion of
numerous events of New Particle Formation (NPF), which were observed in the UT/LS region of

the Asian Monsoon Anticyclone (AMA) over northern India, Nepal and Bangladesh.

In total, a duration of 2 hours and 38.5 minutes was spent under NPF conditions in the region of
the Tropical Tropopause Layer (TTL), where enhanced quantities of nucleation-mode particles
of up to ~ 50000 mg! (» 11000 cm3) were detected at heights of 15-16 km (~ 370 K). The
majority of NPF observations with high numbers of nucleation-mode particles
(6 nm < d, < 15 nm) were observed below the tropopause (~ 12-16 km, ~ 355 - 380 K), at the
lower TTL. NPF with intermediate (~ 1000 - 2000 mg!) or low (~ 300 - 500 mg-1) mixing ratios
of nucleation-mode particles were also observed around the tropopause (~ 380 K) and up to
about 17.5 km altitude (400 K). The frequency of intense NPF observed during StratoClim 2017
exceeds all previous NPF detections with COPAS in the TTL over Brazil, Australia, and West
Africa (TROCCINOX 2005, SCOUT-03 2005, SCOUT-AMMA 2006, cf. Borrmann et al. (2010);

Weigel et al. (2011)). The maximum of detected nucleation-mode particles (~ 50000 mg?,
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correspondent to ~ 11000 cm-3 under ambient conditions at 360 K < 8 < 370 K) is in comparable
orders of magnitude to the earlier COPAS observations (ibid). The horizontal extent of the NPF
fields during StratoClim 2017, ranging from a few hundred metres to about one hundred

kilometres, well compares 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 background aerosol population is limited to few hours only. Within the
supersaturated environment under NPF conditions, co-condensation of gaseous species other
than NPF precursors further promotes the growth of nucleation-mode particles. The

comparatively short persistence of the particles in the nucleation-mode size range implies:

e Within 2 hours after a NPF event, the number concentration of nucleation-mode particles
decays due to coagulation by more than one order of magnitude.

e About 3-4 hours after a NPF event, the reduced number of nucleation-mode particles
impedes the identification of NPF events based on aircraft-borne in-situ measurements.

e Low and intermediate numbers of nucleation-mode particles result from either moderate
and just proceeding NPF or from an event with elevated NPF-rate that has phased-out over
more than two hours before the measurement.

o Identified NPF events with high amounts of nucleation-mode particles i.e. (> 10000 mg-1)
have occurred very shortly (less than one hour) prior to the measurement 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 coagulation or condensation predominantly
contributes to the composition of the background aerosol remains open. Most likely, both
processes impact the formation and persistence of the ATAL (Vernier et al. (2011a), and see also
Hopfner 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

etal. (2020)).

Generally, a refractory core with diameter greater than 10 nm was detected in almost every
second particle above 395 K and up to 475 K. In addition to the local particle source by NPF,

additional particulate material is vertically transported by the updraught within the AMA (cf.
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also Section 6). At altitudes above 18 km, the contribution of meteoric particles from further
aloft was found by means of in-situ aerosol mass spectrometry during StratoClim 2017

(Schneider et al., 2020).

At altitudes of up to 17.5 km, the fresh particles from NPF are in place for being lifted by a
sufficiently effective transport mechanism to indirectly supply the stratospheric (Junge) aerosol
layer. However, whether aerosol material subsides from TTL levels to mid-tropospheric
altitudes and possibly contributes to cloud formation, as suggested by Andreae 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 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 over several days to weeks and stay in contrast to the short persistence (hours) of

nucleation-mode particles.

Moreover, the StratoClim 2017 measurements revealed:

(1) that highest n,m values were predominantly found to coincide with intermediate to elevated
CO mixing ratios of ~ 100 nmol mol-t. Beyond that, the mixing ratio of nucleation-mode particles
(~ 700 - 20000 mg1) 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 Himalayan mountain chain
and its foothills. However, particular source regions of NPF precursors were not ascertainable
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 days before the NPF observation. Occasionally, however, air mass
residence times of more than 6 days and up to 14 days were found at TTL levels prior to the NPF

detection while the entire data set covers residence times from ~ 3 hours to about 26 days.

For the period of the StratoClim 2017 mission, the observed NPF rates are not unambiguously
attributable to a) a specific source region in the BL, or b) the effectiveness of the convective
vertical transport, or c) the recent release of NPF-capable material from the convective outflow.
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Nevertheless, it is the convective uplift, which intermittently supplies the lower TTL by 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 K per day, Vogel et al. (2019); von Hobe et al. (2020)).

Alternatively, adiabatic cooling could induce sufficient supersaturation of a NPF precursor e.g.
due to temperature anomalies associated with gravity waves (GW). Presented case study based
on a continuous level flight segment (flight KTM 6 on 06 August 2017), revealed wave-like
temperature anomalies with a peak-to-peak amplitude of AT = 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 initialise NPF above tropopause levels,
a) where ambient air temperatures re-increase with altitude (from observational data with
AT = 1.5 K per A0 = 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 demonstrate 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 condensation of supersaturated gaseous substances,
contributes significantly 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 investigation using the StratoClim 2017 data set.
Data availability:

The data shown in this study are available at the StratoClim campaign database at

https://stratoclim.icg.kfa-juelich.de/AfcMain/CampaignDataBase

or they may be provided by respective Pl upon request
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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 particle detectors. The specific heating temperature
is chosen with the aim to vaporise mainly stratospheric particle species, which typically consist
of aqueous solutions of sulphuric acid (H2S04-H20) and/or nitric acid (HNOs-H20), which
reportedly volatilise at 180°C (Rosen, 1971). In addition, most of volatile and several semi-
volatile organic compounds 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 preheater without being significantly altered. Downstream of
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the heated tube section, the re-condensation of evaporated species is not completely excludable.
Due to the high diffusivity of e.g. H.SO4 molecules (a factor of up to 0.5 of the diffusivity of H»0,
cf. 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 d, < 10 nm). The working principle of the COPAS aerosol vaporiser
was demonstrated by means of laboratory experiments with pure H,S04-H>0 particles of several
sizes and at pressure conditions between 70 - 300 hPa (Weigel et al., 2009); more than 98 % of
the sub-micrometre sized H2S04-H20 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, e.g.,, of re-suspension
of aerosol material, which had been deposited on the tube’s inner walls during previous
operations, 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 measurement periods, which was not observed throughout the
field missions (cf. Borrmann et al. (2010); Weigel et al. (2011)). Conversely, instrumental
artefacts inherent with 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 towards the hot
tube walls. With the same vaporiser system, Weigel et al. (2014) observed rising mixing ratios of
refractory aerosol, most likely from meteoric ablation, with altitude at stratospheric levels inside
the polar vortex, while outside the vortex the amount of refractory aerosols nearly stagnated
over the corresponding altitude range, additionally confirming 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 filter to suppress the high-frequency noise on the temperature data.
The running average over 201 measurement points (i.e. over 100 data points before and 100
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data points after each 1 Hz-temperature measurement) is used; Figure A- 1 illustrates the
effectiveness of the filtering. As a result of subtracting the low-pass filtered temperature data
(T201) from the initial 1 Hz-resolved temperature data (Tiu.), the high-frequency noise remains
(red dots in Figure A- 1). The noise scatters around the zero level with a maximum amplitude of
about *0.75 K. The filtering by the running mean turns out as equally effective inside and
outside the observed NPF events with presumed temperature fluctuation. The indicated
reference lines for the + 1 0 and + 3 o levels (where o denotes 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 * 3 o - range. The course of the T2p1
curves thus represents the temperature fluctuation by excluding the noise, which underlies the
measurement. The Tz curve is approximated by a wave fit (Tr¢) for reproducing the
temperature fluctuation in the filtered data set (T201) particularly during the periods of NPF

observation (cf. Section 6 and Figure 14).

The basic form of the wave fit function is:
f (x,a,b,c,d) =d+a-sin(bx+c) A-1
with

x = horizontal distance derived from time UTC, day seconds, and mean airspeed,
a = the amplitude

b = the frequency

¢ = the phase shift

d = the offset

For each of the two time periods with identified NPF, an individual fit was determined with the
parameters from Table 2 and each fit consists of a sum of two functions of the type defined in
Equation A-1. During the NPF event the difference between the two curves, Tzo1 and Tric (Figure
A- 1), shows, that the overlaid wave fit approximates the filtered data with a smaller deviation
than given with the + 1 o - noise level. The difference between the 1 Hz-temperature signal and
the wave fit is also shown in Figure A- 1. During the NPF event, the subtraction of the wave fit
from the 1 Hz-data has almost the same effect as the subtraction of the filter T201 from Ting,
therefore, in the NPF period, the deviation between the two sets of data (Tiuz - Trit) corresponds

mainly to the noise of the temperature measurement. Away from the NPF event, the deviation of
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the wave fit from Tin, and T»01 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 H,SO4

The passage of a gravity wave is associated with adiabatic heating/cooling by a certain amount
AT. According to Vincent and Alexander (2000) (cf. also Section 6), the maximum realistic value
of AT is ~ 4 K. Smaller temperature perturbations occur more frequently. An air parcel at
pressure po and temperature Ty, which is vertically and adiabatically displaced, changes its
pressure and temperature to the new values p and T = To + AT. The question arises as to how
temperature anomalies influence the occurrence of NPF. In this context, NPF is initialised when
the saturation of a nucleating gas or gas mixture exceeds a certain level. Pure sulphuric acid is
certainly not the exclusive gas species involved in NPF, but if temperature anomalies sufficiently
affect the saturation ratio of pure H2S04, then additional agents such as ammonium (Hopfner et

al,, 2019) or organics (Kiirten, 2019) could more readily favour the initiation of NPF.

Adiabaticity of the process is presumed and by approximating the gas constant R and the heat
capacity ¢, with the values for dry air (R~ R, and ¢, = ¢pa), the ideal gas equation can be
converted such that the mixing-ratio guzsos of sulphuric acid is related to its partial pressure
puzsos- Since the conditions within the AMA change rather slowly, the mixing of air masses is
considered as negligible. Hence, the concentration of each gas species within the air parcel
remains invariant to the vertical displacement. In the following, puzsos, o is the sulphuric acid
partial pressure within the unperturbed air parcel. Denoting the saturation vapour pressure of
sulphuric acid by psa, the ratio of the saturation ratio of the unperturbed air parcel and the

displaced air parcel reads as

PH2s504
i. psat(T) _ PH2s04 psat(TO)

So  PH25040 * Ppysos0 Psar(T)
psat(TO)

— £ psat(TO)
Po psat(T)

Cpa
— (1) Ra Psat (TO)
TO Psat (T)
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Figure A- 2 exhibits the quotient SS—O (i.e. the factorial increase of the saturation ratio S in
reference to an initial saturation ratio So at undisturbed conditions, including supersaturated
states) for several initial states of ambient air temperature Ty (from 185 K to 250 K) and for a
range of temperature anomalies with AT of up to 4K. It is to be emphasised that these
calculations relate specifically to the impact of temperature anomalies on the supersaturation of
pure H»SO.. These estimates based on ordinary precursors (i.e. H2S04-H20) do not allow for
conclusions concerning the NPF efficiency of complex systems of precursor compositions (e.g.
including ammonia or organics). The demonstrated effect, however, is qualitatively transferable
to any gaseous substance while the nucleation of particles from the gas-phase requires
sufficiently 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 H,SO4 (cf. Stolzenburg

et al. (2020)) under variable conditions and various admixtures.
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Figure captions

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
particles (Nnm, ambient conditions) of sizes in the diameter range 6 nm < d, < 15 nm from COPAS
measurements are indicated by the colour-code and by symbol size along the fight tracks.

Figure 2: Synopsis of vertical profiles of the total number concentration (median with 10th, 25t
75th, 90th, and 99t 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 (6 < 350 K) were measured aboard the DLR Falcon (cf. Borrmann et al. (2010)
and Weigel et al. (2011)). All high-altitude measurements (0 > 350 K) from the M-55 Geophysica
and the entire StratoClim 2017 data set result from COPAS measurements. (c) The median
profile of Ns3 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 ]. C.
Wilson, Denver University, 2011). All number concentrations are given at ambient conditions.

Figure 3: (a) 1 Hz-resolved particle mixing ratios ns and nio (grey-shaded COPAS data points)
with ne¢ 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
particle (fnm = n6-15) in compliance with the NPF criterion (cf. Section 0). (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 25t and 75t
percentile. Herein, the ne median profile is implied from Panel a for comparison. (d) The fraction
f(= nionv/nqo - 100) of non-volatile particles with median, and with 25th and 75th percentiles.

Figure 4: Frequency of the duration of observed NPF events during the StratoClim 2017 mission.
(a) as frequency distribution of the NPF duration, (b) as vertical profile as a function of mean
potential temperature and coloured with reference to the mean mixing ratio n,, of the
nucleation-mode particles.

Figure 5: (a) Diurnal variation of the occurrence frequency of NPF events. (b) The diurnal
distribution of NPF events’ mean particle mixing ratio n,,, with standard deviation o, coloured
by flight date, and (c) in colours of the (logarithmic) duration of respective event. Note, the mean
horizontal distance is derived from the event duration based on a mean flight speed of 154 m s-1
(0 =+ 39 m s, variable flight attitude remains unconsidered) and is understood as equivalent
horizontal extension of a NPF event.

Figure 6: Mean particle mixing ratio n,,, of individual NPF events as function of (left column) the
vertical distance from the mean lapse-rate tropopause (46), and of (right column) the equivalent
latitude (90° represents the centre of the AMA as projected to polar coordinates). Data points
are coloured by flight date (Panels a and b) and by CO mixing ratios (Panels c and d). (e) The
mean particle mixing ratio n,,, as function of the equivalent latitude is colour-coded by the
values 40 (colour scale on the left of panel (e)).
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Figure 7: Results of a coagulation simulation based on the assumption of a distinct and expired
burst-like event. The simulation’s initial particle size distribution (black circles; horizontal bars
indicate the width of each size bin) is merged from data of three COPAS detectors (for Ng, Nio,
and Nis) and of the UHSAS-A (65 nm <d, <1 pum) as detected during NPF encountered on 04
August 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 simulation’s run time and its fractional contribution to the total particle number
concentration (Nital). Furthermore, the simulated decay of variably multiplied Num (by factors
0.1, 10, and 100) as initial input of the simulation under constant background conditions
(dashed lines).

Figure 8: Particle mixing ratio of fine-mode particles n¢ (grey dots in the background) and of
nucleation-mode particles n.m (colour-coded with reference to the potential temperature) in
relationship to the CO mixing ratio. The median nnm with the 25t and 75t percentile is shown in
bin widths of 2.5 nmol mol-! of the CO mixing ratio (black dots).

Figure 9: From backward trajectory analyses by means of the chemistry transport model ClaMS
and based on ERA-5 data in Panel a) the geographic position of the last boundary layer (BL)
contact of the NPF-connected air mass backward trajectories, in Panel b) the geographic position
of the maximum ascent rate. Subpanels a.1 and a.2 (b.1 and b.2) provide 2-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 days prior to the NPF detection as 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 days.

Figure 10: structured as in Figure 9, in Panel a) the last boundary layer (BL) contact of the NPF-
connected air mass backward trajectories and in Panel b) the maximum ascent rate of these
trajectories (for details of the trajectory analyses with ClaMS, cf. Figure 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 days.

Figure 11: Vertical profile of the 1 Hz-resolved particle mixing ratio of nucleation-mode particles
Nnm colour-coded by the air mass transport time (days) from the boundary layer (BL). For details
of ClaMS analyses, cf. Figure 9 andFigure 10.

Figure 12: Vertical profile of the event-wise mean particle mixing ratio of nucleation-mode
particles n,,,, with standard deviation o (bars) as a function of the mean potential temperature
(* o). (a) The data points are colour-coded by the proportion of convective contribution 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.

Figure 13: Time series of data sampled during a section of a StratoClim 2017 flight (KTM 6) on
06 August 2017. Except the manoeuvre period between 09:20 and 09:30 (UTC), a constant
altitude and pressure level (Panel a) were maintained. Particle mixing ratios ns, n10 and nis and
nionv (Panel b), the mixing ratio of the nucleation-mode particles n.m (Panel c), the CO mixing
ratio (Panel d), the ambient air temperature (Tamb), and the temperature fluctuation (Tamb - Tmean)
(Panel e) feature different characteristics and sequence during two NPF phases (oblique hatched
areas).

Figure 14: Close-up view of the two sections of StratoClim 2017 flight (KTM 6) on
06 August 2017 over time ranges of more than 1 hour of flight time, respectively, including the
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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 (Tr¢) is approximated to the noise-
filtered data set within the period of identified NPF (cf. Appendix B for details). The overlaid fit
function approximates the characteristic structure of the observed temperature anomaly only
within the two NPF periods.

Figure A- 1: For the time intervals shown in Figure 14: the difference between the 1 Hz-data
(T1nz) and the filtered data with 201-seconds running average (T2o01) reveals the high-frequency
noise of the temperature measurement (red data points). The dashed reference lines indicate
the standard deviation (* 1 o and * 3 o) 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 T2o1-Tri. 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 Tiuz-Tri:: during
NPF mainly the noise signal remains.

Figure A- 2: Simulated influence of temperature anomalies (up to ~ 4 K) on the quotient of
saturation ratios S/So of pure sulphuric acid (H2S04) in reference to any initial saturation ratio So
(including supersaturation), over a range of initial air temperatures at which NPF was observed
during StratoClim 2017.
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Tables

pressure, particle diameter, nm A, KL
hPa 6 7 8 9 10 11 12 13 14 15 % (dimensioness)
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 83 845 865 875 885 8 17.75 1.22
300 775 815 84 865 88 895 905 915 92 925 12.65 1.14
400 80 83 85 875 89 905 915 92 928 935 11.52 1.13
Table 1

Pressure-dependent corrections ki for number concentrations of nucleation-mode particles due
to particle losses (A s.s) 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. k. =100/(100-A ¢1s),
correspondingly to Weigel et al. (2009).

Trir = 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
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 06 August 2017.
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