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Abstract  13 

From 27 July to 10 August 2017 the airborne StratoClim mission took place in Kathmandu, Nepal 14 

where eight mission flights were conducted with the M-55 Geophysica up to altitudes of 20 km. 15 

New Particle Formation (NPF) was identified by the abundant presence of ultrafine aerosols, 16 

with particle diameters dp smaller than 15 nm, which were in-situ detected by means of 17 

condensation nuclei counting techniques. NPF fields in clear-skies as well as in the presence of 18 

cloud ice particles (dp > 3 µm) were encountered at upper troposphere / lowermost 19 

stratosphere (UT/LS) levels and within the Asian Monsoon Anticyclone (AMA). NPF-generated 20 

ultrafine particles in elevated concentrations (Nuf) were frequently found together with cloud ice 21 

(in number concentrations Nice of up to 3 cm-3) at heights between ~ 11 km and 16 km. From a 22 

total measurement time of ~ 22.5 hours above 10 km altitude, in-cloud NPF was in sum detected 23 

over ~ 1.3 hours (~ 50 % of all NPF records throughout StratoClim). Maximum Nuf of up to 24 

~ 11000 cm-3 were detected coincidently with intermediate ice particle concentrations Nice of 25 

0.05 – 0.1 cm-3 at comparatively moderate carbon monoxide (CO) contents of ~ 90 -26 

 100 nmol mol-1. Neither under clear-sky nor during in-cloud NPF do the highest Nuf 27 

concentrations correlate with the highest CO mixing ratios, suggesting that an elevated pollutant 28 

load is not a prerequisite for NPF. Under clear-air conditions, NPF with elevated Nuf (> 8000 cm-29 

3) occurred slightly less often than within clouds. In the presence of cloud ice, NPF with Nuf 30 

between 1500 – 4000 cm-3 were observed about twice as often as under clear air conditions. 31 

When ice water contents exceeded 1000 µmol mol-1 in very cold air (< 195 K) at tropopause 32 

levels NPF was not found. This may indicate a reduction of NPF once a strong overshoot is 33 

prevalent together with the presence of mainly liquid-origin ice particles. In the presence of in-34 

situ cirrus near the cold point tropopause very recent NPF or events of remarkable strength 35 

(mixing ratios nuf > 5000 mg-1) were rarely observed (~ 6 % of in-cloud NPF data). For 36 

specifying the constraining mechanisms for NPF possibly imposed by the microphysical 37 
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properties of the cloud elements, the integral radius (IR) of the ice cloud population was 38 

identified as the most practicable indicator. Neither of both, the number of ice particles or the 39 

free distance between the ice particles, is clearly related to the NPF-rate detected. The results of 40 

a numerical simulation indicates how the IR affects the supersaturation of a condensable vapour, 41 

such as sulphuric acid, and that IR determines the effective limitation of NPF rates due to cloud 42 

ice.  43 

1. Introduction 44 

The process of gas-to-particle conversion, also denoted as homogeneous aerosol nucleation and 45 

most commonly known as new particle formation (NPF), constitutes one of the most effective 46 

sources of atmospheric aerosols and cloud condensation nuclei, which could promote the cloud 47 

formation at intermediate and upper tropospheric altitudes (e.g. Spracklen et al. (2006); 48 

Merikanto et al. (2009); Dunne et al. (2016); Gordon et al. (2017)). Sulphuric acid (H2SO4) and 49 

water (H2O) presumably are important chemical compounds involved in the NPF process which, 50 

moreover, is likely aided when ions come into play at elevated altitudes and cold temperatures 51 

within the atmosphere (Lee et al. (2003); Kazil et al. (2008); Weigel et al. (2011); Duplissy et al. 52 

(2016)). It was suggested that a ternary nucleation process involves, apart from sulphuric acid 53 

and water, an additional constituent such as ammonia (NH3; Ball et al. (1999); Benson et al. 54 

(2009); Höpfner et al. (2019)). Experimental studies at the CLOUD (Cosmics Leaving OUtdoor 55 

Droplets) chamber confirmed that NPF rates are substantially elevated within this ternary 56 

H2SO4-H2O-NH3 System (e.g. Kirkby et al. (2011); Kürten et al. (2016); Kürten (2019)).  57 

From the CLOUD experiments, which were performed under a variety of controlled conditions, it 58 

can be deduced that the intensity of NPF (the formation rate of new particles per air volume and 59 

per time unit) depends on the concentration of the NPF precursors. The results of individual 60 

experiments (Kürten et al. (2015); Kürten et al. (2016)) at different and elevated concentrations 61 

of the H2SO4 solution, always at supersaturated states, show that the nucleation rates are 62 

strongly associated with the precursor concentrations. Temperature determines the degree of 63 

supersaturation, which implies that even high precursor concentrations may result in a weak 64 

NPF rate, and vice versa. In particular, for ternary or multi-component NPF, the degree of 65 

supersaturation as a function of temperature remains indeterminable. Therefore, the chamber 66 

experiments allow for studying the nucleation rate as a function of the precursor concentration 67 

at different temperatures, i.e. at supersaturation ratios, which are specific, but mostly unknown, 68 

with respect to the system of nucleating substances (involving H2SO4, H2O, and NH3). The 69 

complexity increases with sulphuric acid nucleation systems involving besides NH3 also nitric 70 

acid (HNO3) (Wang et al., 2020) or oxidised organic vapours (Riccobono et al., 2014), all of which 71 

may promote the NPF process at supersaturations lower than required for pure H2SO4 solutions. 72 
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The role of organic substances in connection with NPF could be of particular importance in the 73 

tropical UT/LS as has been indicated by (Schulz et al., 2018) and (Andreae et al., 2018). The time 74 

series of a nucleation event within the CLOUD chamber (supplementary material of Kirkby et al. 75 

(2011)) shows, however, that the nucleation rate remains elevated as long as the amount of 76 

precursors is kept at a constant level as investigated by means of the CLOUD experiments. Under 77 

real conditions in the atmosphere, however, the concentration of precursor material is spatially 78 

and temporally highly variable. Temperature fluctuations affect the degree of precursor 79 

supersaturation; hence, even low precursor concentrations may result in elevated 80 

supersaturations and intense NPF. The influence of third or multiple substances possibly 81 

involved in the NPF process is not unambiguously detectable or even quantifiable in the 82 

ultrafine particle population due to the current lack of instrumentation capable of analysing the 83 

chemical composition of such small particles directly. 84 

By means of ground based as well as airborne in-situ measurements, NPF was frequently 85 

observed to occur at various conditions and atmospheric altitudes (Kerminen et al., 2018). 86 

Recently, Williamson et al. (2019) compiled a comprehensive data set of in-situ NPF 87 

observations at altitudes from 180 m above sea level to up to ~ 12 km, thereby covering a 88 

latitude range from 80° North to 70° South alongside the Americas, and by probing air over both 89 

oceans, the Pacific and the Atlantic. In tropical regions, most of the in-situ NPF observations were 90 

made below the level of zero net radiative heating, i.e. at altitudes where subsidence or cloud 91 

formation is still well capable to efficiently remove or scavenge aerosol particles.  92 

Investigations concerning the occurrence of NPF within clouds, or in their immediate vicinity, 93 

are sparse and are mainly limited to tropospheric altitudes. The region above tropospheric 94 

clouds seems favourable for NPF to occur, and possible reasons for this are discussed by Wehner 95 

et al. (2015). Furthermore, NPF was found to be an important process inside the convective 96 

outflows (e.g. Twohy et al. (2002); Waddicor et al. (2012)). From measurements in the upper 97 

troposphere it is commonly assumed that the occurrence of NPF is directly connected to deep 98 

convective cloud systems (e.g. de Reus et al. (2001); Clarke and Kapustin (2002); Weigelt et al. 99 

(2009); Andreae et al. (2018)). The relationship between NPF and ice clouds is discussed in this 100 

study, whilst the immediate connection of NPF and deep convective events is addressed in 101 

Weigel et al. (2020a). 102 

During in-situ measurements aboard the NASA high altitude research aircraft WB-57, Lee et al. 103 

(2004) observed nucleation events inside subtropical and tropical cirrus clouds between 7 and 104 

16 km over Florida. The same authors summarise that they found recent occurrence of NPF in 105 

72 % of their measurements within clouds. Despite the conceptual notion that the presence of 106 

cloud elements generally inhibits the formation of new particles, Kazil et al. (2007) 107 
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demonstrated by means of model simulations that new sulphate aerosol can form within ice 108 

clouds such as cirrus. New particles are also produced in the anvil region and cirrus decks of 109 

Mesoscale Convective Systems (MCS) over West Africa (Frey et al., 2011). The particular role of 110 

mid-latitude MCS as a source of freshly formed aerosol within the upper troposphere was 111 

already suggested by Twohy et al. (2002), based on the detection of increased concentrations of 112 

particles with size diameter (dp) greater than 25 nm, concurrently with elevated particle 113 

volatility. In the region of the Tropical Transition Layer (TTL) over South America, Australia and 114 

West Africa, the in-situ measurements by Weigel et al. (2011) revealed nucleation mode 115 

particles in elevated number concentrations likely resulting from recent NPF. Based on 116 

coincident detections of abundant nucleation mode particles together with cloud elements (i.e. 117 

ice particles of diameters 2.7 µm < dp < 1.6 mm) in ice number concentrations always below 118 

~ 2 cm-3 the authors concluded that the occurrence of NPF is mainly limited by the number of 119 

cloud particles. The underlying concept is that the surfaces of the cloud elements either 120 

scavenge the NPF-produced aerosol particles or remove the nucleating vapour molecules prior 121 

to the NPF process. 122 

Regarding the occurrence of NPF in conjunction with the presence of upper tropospheric ice 123 

clouds, still several unspecified details remain:  124 

1) what are the sets of chemical species acting as NPF precursor,  125 

2) does NPF possibly require (or not) contributions by cosmic radiation, ions (Lovejoy et al. 126 

(2004); Kazil et al. (2008); Weigel et al. (2011)) or chemical agents or catalysts (e.g. 127 

Kürten (2019)),  128 

3) which are the advantageous thermodynamic conditions for NPF within a cloud, and 129 

4) the conditions under which NPF is suppressed by the presence of ice particles of certain 130 

size and/or number.  131 

Comprehensive understanding of these processes and their influences under real atmospheric 132 

conditions potentially contributes to narrow down the cloud type and the in-cloud location 133 

where NPF preferentially occurs, in order to obtain estimates (in particular for modelling 134 

purposes) concerning the importance of in-cloud NPF. Furthermore, the question could arise 135 

how the ultrafine particles generated by in-cloud NPF are processed: for example, if the ultrafine 136 

particles disperse as contribution to the clear air background aerosol as soon as the cloud 137 

elements evaporate, or if, in persistent clouds, the ultrafine particles are captured by present ice 138 

particles. In the context of the Asian Monsoon Anticyclone (AMA) it is important to clarify the 139 

origin of observed enhancements of aerosols in the embedded Asian Tropopause Aerosol Layer 140 

(ATAL, cf. Vernier et al. (2011); Vernier et al. (2018)). NPF could well be an important source of 141 

aerosol particles which are then available for further processing to form the ATAL (Höpfner et 142 
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al. (2019); He et al. (2019); Mahnke et al. (2020)). Furthermore, the relative contribution of in-143 

cloud versus clear-air NPF is of importance in this context.  144 

The Asian Monsoon Anticyclone (AMA) constitutes one of the most important weather systems, 145 

which mainly determines the circulation in the Upper Troposphere/Lower Stratosphere 146 

(UT/LS) during monsoon season over the Indian subcontinent. The AMA is usually associated 147 

with extensive deep convection capable of transporting polluted air from the regional boundary 148 

layer (BL) to high altitudes. From the beginning of June through about the end of September, the 149 

large-scale anticyclone persists in the altitude level from the UT reaching up into LS regions (e.g. 150 

Randel and Park (2006); Park et al. (2007)) spanning over longitudes from East Asia to the 151 

Middle East/East Africa (e.g. Vogel et al. (2014); Vogel et al. (2019)). The system’s anticyclonic 152 

rotation induces the development of a horizontal transport barrier within in the UT/LS (Ploeger 153 

et al., 2015) reducing isentropic exchange between the interior of the AMA and the anticyclone’s 154 

surroundings. The vertical upward transport within the Asian monsoon circulation is 155 

understood as an effective pathway for young air of BL - origin (Vogel et al., 2019) to rapidly 156 

reach UT/LS altitudes, accompanied by various constituents such as pollutants and further 157 

gaseous material (Pan et al., 2016) and in particular water vapour (Ploeger et al., 2013). To 158 

which extent the stratospheric entry of H2O is supported by cirrus cloud particles (as a result of 159 

overshooting convection or ice formation due to local dynamics; de Reus et al. (2009); Corti et al. 160 

(2008)) is currently under debate (Ueyama et al. (2018), and references therein) and one of the 161 

subjects of a recent study by Krämer et al. (2020). Based on satellite investigations the existence 162 

of the ATAL was explored at tropopause altitudes within the AMA region (Vernier et al. (2011); 163 

Thomason and Vernier (2013)). Therefore, the constituents of the uplifted young air from low 164 

altitudes may also comprise the precursor material from anthropogenic (Vernier et al. (2015); 165 

Yu et al. (2015); Höpfner et al. (2019); Mahnke et al. (2020)) and other sources to develop and 166 

maintain the observed aerosol layer, most likely due to NPF occurring at levels between 167 

approximately 14 km and the tropopause.  168 

This study reports on the frequent occurrence of NPF in the presence of cloud ice in the 169 

tropopause region over the Indian subcontinent during the Asian monsoon season. All 170 

measurement data shown herein were acquired during StratoClim 2017 (in July/August 2017) 171 

based at Kathmandu, Nepal, and conducted with the M-55 Geophysica that operates up to 20 km 172 

altitude. NPF was observed with almost equivalent extent in clear-air as well as, under certain 173 

conditions, in the midst of cloud ice particles. This investigation aims at summarising the various 174 

conditions under which NPF was observed coincidently with cloud ice particles. Close 175 

examination of the measured data revealed that potential artefacts on the aerosol 176 

measurements due to the presence of ice particles, as suggested by Williamson et al. (2019), are 177 
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largely excludable for the StratoClim data set (cf. Appendix A). The caveats limiting the 178 

magnitude of encountered NPF are examined, as are the possibly constraining mechanisms 179 

imposed by the cloud elements’ microphysical properties. The frequency of NPF observation in 180 

coincidence with elevated ice particle densities puts emphasis on the importance of the 181 

tropopause region within the AMA as an effective source region of freshly nucleated aerosol.  182 

2 The StratoClim field campaign in 2017, instruments and methods 183 

During the Asian monsoon season, between 27 July and 10 August 2017, a total of eight scientific 184 

flights was conducted above parts of the Indian subcontinent, out of Kathmandu, Nepal 185 

(27° 42’ 3’’ N, 85° 21’ 42’’ E) throughout StratoClim 2017 (cf. Figure 1). Some of these flights 186 

partly led out of the Nepalese airspace, to east India, Bangladesh and the farthest north of the 187 

Bay of Bengal. The occurrence of NPF was encountered (cf. Figure 1) during each flight, either in 188 

clear air or in the presence of cloud (ice) particles. 189 

2.1 Number concentration of sub-micrometre sized particles  190 

The 4-channel continuous flow condensation particle counter COPAS (COndensation PArticle 191 

counting System; Weigel et al. (2009)), which was operated with the chlorofluorocarbon (FC 43) 192 

as working liquid, was used for measuring aerosol particle number concentrations. Particle 193 

detection and data storage occurred at 1-Hz frequency. For the reduction of the statistical noise 194 

in the raw signals, which are recorded directly from the scattered light detectors of the COPAS 195 

instrument, the 1-Hz raw data are pre-processed by a 15-second running average. The COPAS 196 

channels were set to different 50 %-detection particle diameters dp50 (i.e. 6 nm, 10 nm, and 197 

15 nm). By counting aerosols (with dp50 = 10 nm) downstream of a heated (~ 270°C) sample 198 

flow line, a fourth COPAS channel measured particle concentrations of non-volatile (nv) or 199 

refractory particles (e.g. soot, mineral dust, metallic aerosol material as well as, e.g., organic 200 

material mixtures not evaporating at 270 °C, etc. ). By means of laboratory experiments, the 201 

aerosol heating device was demonstrated to vaporise more than 98 % of H2SO4-H2O particles at 202 

pressures between 70 and 300 hPa (Weigel et al., 2009). The aerosol sampling occurred via the 203 

forward facing aerosol inlet of COPAS, a custom-made reproduction of the inlet used on board 204 

the NASA ER-2 (Wilson et al., 1992). The use of this aerosol inlet also facilitated Lee et al. (2004) 205 

to measure in-cloud NPF. The inlet allows for aerosol sampling well outside the boundary layer 206 

of the aircraft. The inlet’s geometry comprises two serial diffusors to sample air (at super-207 

isokinetic conditions) with decelerated flow speed compared to the ambient free flow. The 208 

largest particle diameter that is detectable with the COPAS system is confined by the inlet 209 

geometry, and it is estimated that sub-micrometre sized particles enter the aerosol inlet and 210 

pass the aerosol lines without significant particle losses (Weigel et al., 2009). However, aerosol 211 

particles with diameter of up to 5 µm may occasionally be aspired by the COPAS inlet, but are 212 

https://doi.org/10.5194/acp-2020-1285
Preprint. Discussion started: 5 January 2021
c© Author(s) 2021. CC BY 4.0 License.



7 
 

clearly undersampled (Ebert et al., 2016). The COPAS measurement uncertainty is about 15 % 213 

for stratospheric particle concentrations, mainly due to uncertainties in the volume flow and as a 214 

result from particle counting statistics. The COPAS is an established instrument for high altitude 215 

application, its performance was characterised by Weigel et al. (2009) and COPAS data were 216 

used and discussed in various studies (e.g. in Curtius et al. (2005); Borrmann et al. (2010); Frey 217 

et al. (2011); Weigel et al. (2011); Weigel et al. (2014); Schumann et al. (2017); Höpfner et al. 218 

(2019)). 219 

2.2 Terminology and notations 220 

The measured particle number concentrations N are provided in units of particle number per 221 

cubic centimetre of sampled air (ambient conditions). To compare aerosol observations from 222 

different pressure altitudes and, e.g., for correlations with mixing ratios of trace gases, COPAS 223 

measurements are also given as mixing ratio n in units of particles per milligram of air (mg-1) as 224 

calculated based on the 1-Hz-resolved data of ambient static pressure and temperature (cf. 225 

Section 3.5). Hereafter, n10 denotes the mixing ratio of particles with diameters larger than 226 

10 nm. The detection of the particle number concentration or mixing ratio at different dp50 (i.e. 227 

N6 or n6 for particles with dp > 6 nm, and N15 or n15 for dp > 15 nm), aims at the identification of 228 

recent new particle formation, principally based on the difference of both quantities (cf. Weigel 229 

et al. (2011)). The number concentration of ultrafine aerosol particles (hereafter denoted as Nuf) 230 

is calculated from the difference N6 - N15 = N6-15 and serves as an indication for recent NPF if the 231 

designated NPF criterion is met:  232 

 0.8 ∙ 𝑁6 –  1.2 ∙ 𝑁15 > 0   (1), 233 

based on the principle definition used by Weigel et al. (2011). Further details concerning the 234 

corrections applied to the measured COPAS data, which were obtained throughout 235 

StratoClim 2017, are provided by Weigel et al (2020a), where the empirical parameters of 0.8 236 

and 1.2 are introduced.  237 

If compliant with the NPF criterion, a series of data points is a designated event if measured 238 

number concentrations (or mixing ratios) of ultrafine particles continuously remain greater than 239 

zero over at least five consecutive seconds. Caveats with this event definition are inherent for 240 

observations as short as 1 – 5 seconds. Due to the detector’s signal-to-noise-ratio and counting 241 

statistics, the given quantity and durations of too short events bear significant uncertainties. In 242 

addition, however, this event definition may prevent resolving very fine spatial structures (i.e. 243 

horizontally on 150 m-scales, vertically on 10 m-scales) of NPF fields. With the mean airspeed of 244 

the M-55 Geophysica (~ 154 ± 39 m s-1), the event definition implies that within five seconds a 245 

horizontal distance of ~ 770 m (in flight direction) is covered. The total of 308 individual 246 
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detections of elevated Nuf coincidently with the presence of cloud elements, 104 of which 247 

fulfilled the event criterion. Note that the in-cloud NPF events discussed herein are partially 248 

embedded in a larger NPF fields, which are identified by successive, uninterrupted detections of 249 

elevated Nuf. Within this larger NPF fields the duration of simultaneous ice particles detection 250 

could be shorter or interrupted. One or more in-cloud NPF events could be subsets of NPF 251 

events with continuously elevated Nuf concentration, which are generally discussed by Weigel et 252 

al. (2020a). They (ibid.) also present further details concerning the duration of NPF events, the 253 

persistence of the freshly formed particles in the ultrafine size range, and the presence of non-254 

volatile particles under NPF conditions during StratoClim 2017.  255 

The NPF-rate and, hence, the intensity of NPF varies with the degree of supersaturation of the 256 

NPF precursor (Kirkby et al. (2011), Kürten et al. (2016)). Hereafter, the strength of a NPF event 257 

is classified as  258 

(1) excessive NPF if detected aerosol densities of ultrafine particles exceed 259 

 mixing ratios of 10000 mg-1 or  260 

 number concentrations of 5000 cm-3,  261 

(2) intermediate NPF when number densities of ultrafine particles range at 262 

 mixing ratios of 1000 mg-1 < nuf < 10000 mg-1 or  263 

 number concentrations of 500 cm-3 < Nuf < 5000 cm-3, and  264 

(3) weak NPF when  265 

 mixing ratios nuf remain below  1000 mg-1, or  266 

 number concentrations Nuf of less than 500 cm-3 are detected.  267 

(4) The notation most intense NPF is often used synonymously with most recent NPF in the 268 

following.  269 

As the persistence of the particles in the ultrafine size range is short (i.e. a few hours only, cf. 270 

Weigel et al. 2020a), an intense NPF event could still be in process when observed, or it had been 271 

completed very recently, i.e. 1-2 hours prior to the detection. However, for a NPF encounter with 272 

low or intermediate number densities of ultrafine particles (nuf or Nuf), the conclusions 273 

concerning the event’s age remain ambiguous, as it can be caused by weakly proceeding NPF or 274 

by NPF, which had occurred several hours ago.  275 

2.3 Cloud particle and water vapour detection 276 

The NIXE-CAPS (New Ice eXpEriment: Cloud and Aerosol Particle Spectrometer, in the following 277 

denoted as NIXE) was deployed during StratoClim for measuring the number size distribution in 278 

the cloud particles’ diameter size range of 3 – 930 µm with 1-Hz resolution (Luebke et al. (2016); 279 

Costa et al. (2017)). Comprehensive numerical analyses by means of computations fluid 280 
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dynamics (CFD) were carried out by Afchine et al. (2018) to investigate the impact of the 281 

instrument’s position underneath the aircraft wing on the cloud particle detection. The NIXE-282 

CAPS consist of two detectors: the NIXE-CAS-DPOL (Cloud and Aerosol Spectrometer with 283 

Detection of POLarization) and the NIXE-CIPg (Cloud Imaging Probe – grayscale). Compiling 284 

measured data of both independent detectors delivers microphysical properties, in terms of size 285 

and number, of particles with diameters ranging from 0.61 µm to 937 µm. The methods of post 286 

flight data processing and corrections were described by Luebke et al. (2016). Cloud particle 287 

detections were recognised as such when particles of diameters > 3 µm were encountered in 288 

numbers greater than zero. Hereafter, the number concentration of ice particles is denoted as 289 

Nice (i.e. N3-937µm, the number concentration of ice particles with diameters of 290 

3 µm < dp < 937 µm). The data of ice water content (IWC) used herein were ascertained by using 291 

the relationship of cloud particles’ mass (mp) to diameter (dp) (Krämer et al. (2016); Luebke et 292 

al. (2016); Afchine et al. (2018)).  293 

The closed-path Lyman-α photo-fragment fluorescence hygrometer FISH (Fast In situ 294 

Stratospheric Hygrometer; cf. Zöger et al. (1999) and Meyer et al. (2015)) allows for 1-Hz 295 

resolved measurements of the atmosphere’s gaseous and solid phase water, denoted as total 296 

water or H2Otot. The FISH detection of H2Otot covers mixing ratios of 1 - 1000 µmol mol-1 over 297 

atmospheric pressures ranging from 50 hPa to 500 hPa with an accuracy and precision of 6 –298 

 8 % and 0.3 µmol mol-1. The ice water content (IWC) was calculated by subtracting the H2OGas 299 

(measured by another Lyman-α detector, FLASH, the FLuorescent Airborne Stratospheric 300 

Hygrometer) from H2Otot. For further detail concerning the data processing, see Afchine et al. 301 

(2018). Dependent on ambient temperatures, the smallest IWC detectable by the FISH 302 

instrument is about 1 · 10-3 µmol mol-1 and 20 · 10-3 µmol mol-1, which corresponds to 303 

approximately 1 – 20 · 10-4 mg m-3 (Afchine et al., 2018).  304 

To cover the wide range of IWC observed during the StratoClim mission (from thousandths to 305 

thousands of µmol mol-1) the complementary data sets of NIXE-CAPS and FISH concerning IWC 306 

were merged. Thus, when large ice particles were abundant, causing IWC of hundreds to 307 

thousands of µmol mol-1, mostly NIXE-CAPS data contributed to the resulting IWC data. In 308 

contrast, low numbers of small ice particles caused the FISH instrument to provide the most 309 

reliable IWC. The overall uncertainty of given IWC values were estimated to be ~ 20 % (Krämer 310 

et al., 2020). 311 

Based on cloud particle (NIXE-CAPS) and water vapour (FISH) measurements, ice particle 312 

shattering, which could be indicated e.g. by short bursts of small ice particles, remained 313 

unobserved throughout StratoClim (Krämer et al., 2020). 314 
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2.4 Carbon monoxide  315 

In the troposphere, carbon monoxide (CO) is a component of atmospheric pollution (Park et al., 316 

2009), the main sources of which are both natural and anthropogenic (including combustion, 317 

and the oxidation of hydrocarbons). It is assumed that the contributions to the tropospheric CO 318 

budget almost equivalently originate from: (1) its photochemical production and (2) directly 319 

from sources located at the surface. Mainly the oxidation with hydroxyl radical (OH) depletes CO 320 

within the atmosphere (Logan et al. (1981); Yin et al. (2015)). CO mixing ratios are well suitable 321 

and often used as tropospheric tracer for air’s transport (a) within the troposphere, (b) across 322 

the tropopause, and (c) within the lower stratosphere. In the free troposphere, CO mixing ratios 323 

range from unpolluted 50 nmol mol-1 up to mixing ratios well exceeding 700 nmol mol-1 in close 324 

vicinity to emission sources (Clerbaux et al. (2008), Park et al. (2009)). Inside the AMA and up to 325 

15 km altitude, CO mixing ratios remain comparatively high (≳ 100 nmol mol-1), while between 326 

15 km and 20 km altitude the CO mixing ratios decrease monotonically down to ~ 40 nmol mol-1 327 

(Park et al., 2009).  328 

During the StratoClim mission, the mixing ratio of CO was measured by means of the Tunable 329 

Diode Laser (TDL) technique implied in the revised version of the Cryogenically Operated Laser 330 

Diode (COLD) spectrometer. Compared to the previous instrument version (4 s temporal 331 

resolution, Viciani et al. (2008)), COLD-2 integrates improvements (Viciani et al., 2018) 332 

regarding: 333 

1) an increased measurement’s resolution by a factor of four,  334 

2) an enhanced in-flight sensitivity of the COLD-2 spectrometer (ranging at ~ 2 nmol mol-1 335 

at integration times of 1 s) , and  336 

3) an accuracy of 3 % is specified for the CO measurement with COLD-2.  337 

Within the data set of simultaneous measurements with COPAS, COLD-2 detected minimum and 338 

maximum CO mixing ratios of 14 nmol mol-1 and 153 nmol mol-1, respectively. 339 

2.5 Data of ambient temperature and static pressure  340 

The atmospheric temperature and pressure data were taken from the Unit for Connection with 341 

the Scientific Equipment (UCSE, Sokolov and Lepuchov (1998)), a part of the navigational 342 

system of the M-55 Geophysica. UCSE data are provided as 1-Hz-resolved ambient pressure 343 

(with an accuracy of ±1 hPa) and temperature (±2 K accuracy).  344 

The potential temperature θ is calculated correspondingly with 1-Hz resolution in compliance 345 

with the definition by the World Meteorological Organization (WMO, 1966). Note that for the 346 

given vertical temperature gradients and over the θ -range covered during StratoClim 2017 (i.e. 347 
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up to ~ 477 K), the WMO recommended calculation of θ differs only by up to ~ 1 K from the 348 

values obtained by using the recently reappraised θ-calculation (Baumgartner et al., 2020). 349 

3 Observations and results 350 

During StratoClim 2017, eight mission flights were conducted with a total of 36.6 hours, whereas 351 

over a total of 6.42 hours ice clouds were encountered at air temperatures colder than 240 K. 352 

The cirrus cloud observations are described and comprehensively discussed by Krämer et al. 353 

(2020), and thus are only briefly summarised herein. Most of the in-cloud measurements during 354 

StratoClim 2017 were performed at temperatures ≲ 205 K, corresponding to potential 355 

temperatures above ~ 355 K and altitudes higher than ~ 14 km, i.e. well within the TTL region. 356 

The clouds observed during the Asian monsoon season include: 1) in-situ cirrus, which had 357 

formed in calm dynamic situations associated with very slow updraught as well as 2) liquid-358 

origin cirrus, the formation of which is connected to overshooting deep convection with elevated 359 

uplift velocities (see Section 5.2), including ice clouds (e.g. anvils) associated with convective 360 

outflow. 361 

At temperatures colder than 205 K, Nice and IWC often reached values above their respective 362 

median of 0.031 cm-3 (blue dashed line in Figure 2) and ~ 0.2 – 2 µmol mol-1 (cf. Figure 6). The 363 

highest observed values at these temperatures are reached with IWC of up to 1000 µmol mol-1 364 

and a maximum Nice as high as 30 cm−3. Moreover, the ice crystals sizes (not shown here) exceed 365 

their corresponding median, hence, comparatively large ice crystals were found up to and 366 

around the cold point tropopause. Such large particles were detected during flights in strong 367 

convection.  368 

3.1 The distribution of NPF and the presence of cloud ice particles over day time 369 

During a total of ~ 22.5 hours of COPAS measurement time at altitudes above 10 km (θ ≳ 350 K), 370 

in general, a duration of about 2 hours and 38 minutes was spent under NPF conditions in the 371 

TTL region (~ 11-17.5 km, ~ 355 – 400 K, cf. Weigel et al 2020a). Throughout the entire 372 

StratoClim mission, elevated number densities of ultrafine particles were observed coincidently 373 

with cloud particles (Nice > 0 cm-3) over a total of about 1 hour and 17 minutes (cf. Table 1). The 374 

encountered in-cloud NPF events at altitudes between approximately 11 km and 16.5 km 375 

(~ 355 – 385 K) had a mean event duration of 14.5 seconds (ranging from one second to a 376 

maximum of about 300 seconds). 377 

In Figure 2, all NPF detections throughout the StratoClim mission are compiled within a 1-day 378 

time series to illustrate the diurnal variability of the observations. The scale of the time series is 379 

limited to the daytime as the eight mission flights were conducted between 03:30 (UTC) and 380 

12:30 (UTC), which corresponds to local times of 09:15 LT to 18:15 LT. Kathmandu local noon 381 
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time corresponds to 22500 seconds of day, or 06:15 UTC, and is tagged with an orange line in 382 

Figure 2. The encounter of NPF is considered as clear-air observation (black data points in 383 

Figure 2, complete StratoClim data set) when simultaneously detected cloud (ice) particle 384 

number concentration Nice remained at 0 cm-3. Coincident observations of NPF and cloud (ice) 385 

particles (Nice > 0 cm-3) are highlighted by red data points in Figure 2. The increased frequency of 386 

abundant cloud ice in the local afternoon may temporally coincide with the typically elevated 387 

convective activity during the second half of a day. However, a temporal dependency was not 388 

observed for the occurrence, the strength or the frequency of NPF. Furthermore, there is no 389 

obvious indication that the number of ice particles present had a direct influence on the NPF 390 

strength. The impression arises that even intense NPF happens almost unaffected only by the 391 

number of present cloud ice particles, as otherwise likely larger differences should be visible 392 

between the Nuf maxima in clear air and under in-cloud conditions.  393 

3.2 Vertical distribution of ultrafine particles in presence/absence of cloud ice 394 

particles  395 

Figure 3 displays the vertical distribution of NPF-generated ultrafine aerosols in terms of the 396 

mixing ratio nuf as a function of potential temperature. The panel a) of Figure 3 depicts the clear-397 

air observations of elevated nuf (black) together with those when coincidently ice particles were 398 

detected (red). The coincident observation of ice particles and ultrafine aerosol is vertically 399 

limited to a range of potential temperatures from 355 K to 385 K (cf. also Table 1). Recent 400 

convective overshooting to altitudes above the mean tropopause height (~ 380 K, averaged over 401 

the period and operation area of StratoClim 2017) is indicated by θ values significantly larger 402 

than 380 K. Clear-air NPF was sampled also at higher altitudes, i.e. at potential temperatures 403 

above 385 K and up to ~ 400 K, or at lower altitudes, below 355 K. As indicated by the time 404 

series shown in Figure 2, also the vertical profiles suggest that the strength of NPF was largely 405 

independent from the presence of cloud elements. The data in Figure 3b show that in-cloud NPF 406 

observations were made during each of the eight mission flights (cf. Figure 1). Apparently, in-407 

cloud NPF is a common phenomenon in connection with the AMA and in presence of prevailing 408 

large convective cloud systems over the Himalayan foothills. The separation of in-cloud and 409 

clear-air conditions of NPF observation is illustrated with the intermediate panels (c and d) of 410 

Figure 3. In this way, the in-cloud NPF observations (c), which occurred in the altitude interval 411 

of ~ 355 < Θ < 385 K, are opposed to NPF observations that were exclusively made under clear-412 

air conditions (d) over a vertical range between 355 K and 400 K.  413 

The relationship between CO mixing ratios and NPF occurrence in the tropical UT/LS over West-414 

Africa (Weigel et al., 2011) indicated a relationship between NPF and ground sources of gaseous 415 

NPF precursor substances (mainly sulphur compounds, potentially also organics) that are 416 

https://doi.org/10.5194/acp-2020-1285
Preprint. Discussion started: 5 January 2021
c© Author(s) 2021. CC BY 4.0 License.



13 
 

efficiently lifted into the TTL region via convective transport, and not entirely removed by 417 

scavenging. Tost et al. (2010) revealed a substantial underestimation of simulated SO2 compared 418 

to flight observations throughout the SCOUT-O3 mission in 2005. These authors utilised global 419 

chemistry climate model simulations independent of the representation of deep convection, the 420 

results of which indicated that the scavenging of SO2 is weaker than expected and that the 421 

impact of retention is not negligible (ibid.). However, a substantial fraction of the well soluble 422 

sulphur dioxide (SO2) may not reach UT/LS altitudes via convective events. Cloud-resolving 423 

numerical modelling revealed a fraction of 40-90 % of SO2, that is capable of reaching the deep 424 

convection’s outflow region (Barth et al., 2001), largely consistent with the estimates by Crutzen 425 

and Lawrence (2000). The results of other model studies (Ekman et al., 2006) showed that only 426 

30 % of SO2 from the boundary layer reach cloud top levels. Experimental studies by Jost et al. 427 

(2017) found moderate retention coefficients (0.2 – 0.5) of SO2 in the ice phase of clouds, while 428 

hydrochloric acid (HCl) and nitric acid (HNO3) are entirely retained under ice cloud conditions 429 

(ibid.). Once the cloud particles freeze, large fractions of the in-cloud dissolved SO2 could leave 430 

the cloud-ice composite. The SO2 remaining in the cloud ice composite, is released as soon as the 431 

ice sublimates in the region of convective outflow, or underneath, while the ice particles 432 

sediment.  433 

NPF should most frequently occur in air enriched with precursor material and which 434 

experienced rapid vertical uplift. An indicator for the air masses’ pollutant load and/or contact 435 

with the boundary layer and recent vertical uplift is provided by air’s carbon monoxide (CO) 436 

content. According to the CO mixing ratio when nuf mixing ratios were elevated (colour coding in 437 

panels e and f of Figure 3), none of the different NPF conditions, in clear air or in the presence of 438 

ice particles, shows the highest number of ultrafine particles together with highest CO mixing 439 

ratio. In fact, the highest densities of ultrafine particles were observed at comparatively 440 

moderate CO mixing ratios of ~ 90 - 100 nmol mol-1. This largely agrees with the in-situ 441 

measurements of correlations between CO mixing ratio and NPF obtained at similar altitudes in 442 

the region of Mesoscale Convective Systems during the West African Monsoon (Frey et al. 443 

(2011); Weigel et al. (2011)) although based on a smaller data set of coincident CO and particle 444 

detections. Moderately high or intermediate CO mixing ratios may result from the dilution of 445 

young, CO-enriched air with aged and processed air masses, which would reduce both the CO 446 

content of the air and its NPF precursor concentration. As soon as the thermodynamic 447 

conditions for NPF are reached during transport, the formation process may be initialised, while 448 

the content of diluted CO could indicate an unremarkable pollution state of the probed air. In air 449 

masses with lowest CO content (~ 40 - 60 nmol mol-1) NPF was observed only above the 450 

tropopause (θ > 380 K) and in the absence of ice particles with nuf ranging from 300 mg-1 to a 451 

maximum of 2000 mg-1 (Weigel et al., 2020a). 452 
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Most intense NPF, i.e. with highest densities of ultrafine aerosol particles, were found below the 453 

tropopause (~ 380 K). In the presence of ice particles (as in clear air), elevated nuf values were 454 

also encountered at low CO mixing ratios, below ~ 70 nmol mol-1, at potential temperatures of 455 

370 - 380 K. Under clear-air conditions, NPF occurs at much lower CO mixing ratios, which is 456 

shown by the nuf vertical profile (Figure 3f). The results of Figure 3 indicate that NPF 457 

predominantly occurred in an altitude band between 350 K and 380 K (corresponding to ~ 8.5 –458 

 16.5 km) with nuf in the range of about 1000 to 50000 mg-1. The nuf values of NPF in ice clouds 459 

do generally not differ from those of NPF under clear-sky conditions. 460 

3.3 Statistics of NPF events in the presence of ice particles 461 

The frequency of NPF occurrence in coincidence with ice particles is illustrated in Figure 4. The 462 

upper panel (Figure 4a) exhibits the absolute occurrence frequency of number concentrations 463 

Nuf observed during NPF events. The graphs compile all measurements (more than 4600 464 

samples of 1-Hz resolved data, cf. Table 1), which comply with the NPF criterion (black), for a 465 

comparison with clear-air NPF events (green) and those, which were coincidently detected with 466 

ice particles (red). At heights of in-cloud NPF observations (i.e. between 350 K and 380 K), the 467 

number concentrations of particles larger than the ultrafine mode, i.e. N15 and N65, ranged (by 468 

median) at ~ 200 cm-3 < N15 < 1000 cm-3 (COPAS) and ~ 60 cm-3 < N65< 150 cm-3 (UHSAS-A, 469 

Mahnke et al. (2020)). Two features are apparent: 470 

1) Number concentrations Nuf of more than ~ 8000 cm-3 seem more frequently observed 471 

(about 1.5 times more often) in clear-air conditions. However, as the number of in-cloud 472 

NPF observations with Nuf > 8000 cm-3 is comparably low (≤ 10 encounters), the 473 

statistics is likely insufficient for drawing additional conclusions from this. Whether or 474 

not the presence of cloud ice confines the chance to detect very recent NPF (resulting in 475 

high Nuf), is discussed in Section 6. 476 

2) For NPF in the presence of cloud ice, number concentrations Nuf between 1500 -477 

 4000 cm-3 were observed about twice as often as under clear-air conditions (Figure 4b). 478 

Plausibly, highest Nuf values are particularly found in the absence of deposition surfaces, which 479 

ice particles would provide. It seems, however, less understandable why NPF should generate a 480 

particular range of Nuf more frequently in the presence of cloud ice. Further discussion on this 481 

issue is provided in Section 6. 482 

Until this point, the presence or absence of ice particles was distinguished by the criteria 483 

Nice = 0 cm-3 or Nice > 0 cm-3, respectively. Figure 4b exhibits the occurrence frequency of Nuf with 484 

ice particles Nice > 0 cm-3 normalised to the occurrence frequency of Nuf of all NPF events (black 485 

curve in Figure 4a). More than 75 % of observed NPF cases with 2000 cm-3 < Nuf < 4000 cm-3 486 

(~ 200 samples) occurred while ice particles were present. In Figure 4c, the occurrence 487 
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frequencies of Nuf are compiled for various levels of Nice, which were normalised to Nuf at 488 

Nice > 0 cm-3 (red curve in Figure 4a). Thresholds of Nice are set with stepwise increasing number 489 

concentrations (by one order of magnitude), to investigate whether the occurrence of NPF is 490 

eventually confined or significantly influenced by the ice particle number density. 491 

Although very faint, so called sub-visible cirrus clouds were found to comprise very small ice 492 

particle number concentrations of 10-5 cm-3 (corresponding to 0.1 per litre, cf. Kübbeler et al. 493 

(2011); Spreitzer et al. (2017)). Sub-visible cirrus clouds with Nice < 10-3 cm-3 are assumed to 494 

have negligible influence on the NPF process, as is also to conclude from Figure 4c. Therefore, a 495 

first threshold level is set to Nice > 10-3 cm-3 (magenta curve), followed by a second threshold at 496 

Nice > 10-2 cm-3 (corresponding to 1 – 10 ice particles per litre, blue curve), which still represents 497 

a comparatively small amount of Nice within sub-visible cirrus clouds (cf. Thomas et al. (2002); 498 

Peter et al. (2003); Davis et al. (2010); Frey et al. (2011)). The maximum observed Nice reached 499 

up to ~ 3 cm-3. Concerning the frequency of observed Nuf, the difference between Nice > 0 cm-3 500 

and Nice > 10-3 cm-3 appears negligibly small. This leaves to conclude, that elevated Nuf were 501 

mostly observed coincidently with ice crystal number densities greater than 10-3 cm-3. With 502 

rising Nice level (above 10-2 cm-3), the occurrence frequency of the highest Nuf (> ~ 5000 cm-3) 503 

decreased. When Nice exceeds 10-1 cm-3, the occurrence of Nuf > 4500 cm-3 is significantly reduced 504 

and Nuf > 8500cm-3 were absent. At the highest observed Nice of ~ 3 cm-3, NPF with Nuf > 250 cm-3 505 

were not detected anymore.  506 

Hence, events with highest NPF-rate seem to occur preferentially at lower ice particle 507 

concentrations or in clear air. At a certain Nice level (~ 3 cm-3), the process of NPF seems to be 508 

suppressed. This is in general agreement with earlier findings (Weigel et al., 2011), which 509 

indicated the confinement of NPF by number densities above 2 cm-3 of cloud ice particles with 510 

diameter larger than 2 µm. Among other incidents, a singularly observed event was discussed 511 

(ibid.), during which NPF was very likely suppressed by the excessive presence of cloud ice 512 

particles, which then, on leaving the cloud, re-emerged with amounts of ultrafine particles of 513 

almost previously observed magnitude. Although an ultimate observational evidence is 514 

currently lacking, however, these findings suggest that NPF is entirely prevented in cases when 515 

Nice substantially exceeds 2 - 3 cm-3.  516 

4 In-cloud NPF related to IWC and cloud particle number densities 517 

4.1 The relationship between cloud ice and aerosols  518 

Based on in-situ measurements over northern Australia and over West Africa, de Reus et al. 519 

(2009) investigated the relationship between the number density of submicron aerosol particles 520 

and the abundance of cloud particles at UT/LS levels. The authors provided aerosol and ice 521 
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particle number concentrations, which were averaged over the duration of various cloud 522 

encounters in order to measure the fraction of submicrometre-sized particles that potentially 523 

convert into cloud ice. Concerning the homogeneous ice nucleation process, a specific 524 

relationship between the number concentration of aerosol and of ice particles cannot be 525 

expected (Kärcher and Lohmann, 2002), whereas such a relationship is inherent in the ice 526 

clouds’ heterogeneous freezing process. From their analyses, de Reus et al. (2009) concluded 527 

that a very similar range of ice-aerosol-ratios is observable in the convective outflow of ordinary 528 

tropical convection (Australia) as well as of large, mesoscale convective systems (MCSs, West 529 

Africa).  530 

The measurements from StratoClim 2017 were compiled correspondingly to de Reus et al. 531 

(2009) and are depicted in Figure 5. To ease the recognition of the relationship between the 532 

measured number concentrations of ice particles and total aerosol (N10), reference lines are 533 

included in Figure 5, which indicate the number of encountered cloud particles per number of 534 

submicrometre-sized aerosol particles. In addition to the density ratios of 1 : 300 and 1 : 30 000 535 

(as in de Reus et al. (2009)), here also the 1 : 500 000 and the 1 : 5 000 000 ratios are marked. 536 

The two panels in Figure 5 comprise the same data set of ice cloud encounters from 537 

StratoClim 2017. The data were averaged over at least 10 seconds and over up to ~ 23 minutes.  538 

Several occasions were identified by de Reus et al. (2009) when comparatively high ratios with 539 

up to a few hundreds of aerosol particles remained non-activated per single ice particle. The 540 

cloud ice – aerosol – ratios, which were found in the Asian monsoon’s convective outflow region, 541 

are in general agreement with previous observations (de Reus et al., 2009) most of which were 542 

limited to the blue shaded area in Figure 5. In agreement with previous findings, total aerosol 543 

numbers of significantly less than a few hundreds per single ice particle were not observed 544 

during StratoClim 2017. Up to N10 of 700 cm-3 almost all StratoClim data result from 545 

measurements at mean ambient temperatures colder than -75 °C (correspondingly to the 546 

observations by de Reus et al. (2009), shaded area). Frequent observations were made at 547 

aerosol concentrations below 1000 cm-3. Compared to previous findings, however, the 548 

StratoClim data set comprises a lot more observations at cloud ice – aerosol - ratios between 549 

1 : 3 000 and 1 : 500 000, including frequent events of elevated aerosol number concentrations 550 

(> 10³ cm-3). High total aerosol number concentrations of more than 6000 cm-3, were observed 551 

at IWC values mostly below 10 µmol mol-1 (i.e. log (IWC, µmol mol-1) ≈ 1, Figure 5a). The majority 552 

of observations were made at mean IWC values below ~ 300 µmol mol-1 (i.e. log (IWC, µmol mol-553 

1) ≈ 2.5), which largely minimises the probability that the measured N10 were impacted by 554 

shattering artefacts from ice particles (cf. Appendix A). The majority of NPF occurrences (mostly 555 

at ambient air temperatures between – 50 °C and – 80 °C) coincide with cloud ice – aerosol – 556 
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ratios between 1 : 3 000 and 1 : 500 000 (cf. Figure 5b). In particular, the abundance of in-cloud 557 

NPF concentrates between ratios of 1 : 30 000 and 1 : 500 000, which may not further surprise, 558 

as the large aerosol number concentrations are indicative to result from NPF. Concentrations N10 559 

of more than 1000 cm-3 were not detected at ratios greater than 1 : 3 000. For N10 above 500 cm-560 

3 and for cloud ice – aerosol - ratios smaller than 1 : 30 000, i.e. where elevated total aerosol 561 

concentrations mostly coincide with lower ice particles densities (~ 10-3 – 10-1 cm-3), the 562 

observations predominantly occurred during NPF. However, cloud ice – aerosol – ratios greater 563 

than 1 : 3 000 were reached mostly in the absence of NPF.  564 

As pointed out by de Reus et al. (2009), there are caveats inherent with this kind of analyses. The 565 

strength or efficiency of the aerosol activation is not straightforward to deduce from provided 566 

ratios of total aerosol and cloud particle numbers. Many interdependencies exist that may 567 

impact the illustrated relationship, such as  568 

1) the altering of the aerosol particles (coagulation, condensation) or of the cloud elements 569 

(sedimentation) or  570 

2) the mixing of air masses with different aerosol and/or variable vapour saturation 571 

characteristics (entrainment).  572 

The ice formation process (liquid origin or in-situ) and the convection dynamics may additionally 573 

affect the relationship of cloud elements and interstitial aerosol. Assigning ultrafine particles of 574 

thousands per cm³ (or more) to result from NPF is comparatively straightforward. In contrast, 575 

Nuf of a few 10 - 100 cm-3 are potentially filtered by the NPF criterion, and are probably not 576 

identified as NPF event, if detected at total aerosol concentrations (N10) of comparable numbers. 577 

Apart from demonstrating the reproducibility of earlier findings (de Reus et al., 2009), the 578 

StratoClim mission allowed for extending this data set by new observations at different 579 

conditions, particularly by including NPF. 580 

In essence, these findings confirm that the occurrence of NPF is constrained by the cloud ice 581 

microphysical properties such as particle size and number (both implied in the IWC). Total 582 

aerosol number concentrations N10 of a few hundreds per cubic centimetre were measured even 583 

at highest cloud particle number concentrations (Nice > 2 · 10-1 cm-3) whereas, under such 584 

conditions, NPF encounters remain exceptional. The following approach aims to narrow down 585 

the cloud particle microphysical properties that limits the occurrence of in-cloud NPF.  586 

4.2 NPF in the IWC-T parameter space 587 

Analyses in earlier cirrus-related studies concerning the clouds’ ice water content (IWC) as a 588 

function of ambient air temperature provide insight into the processes inherent with the cirrus 589 

formation (Krämer et al., 2016). As introduced by Luebke et al. (2016), Krämer et al. (2016), and 590 

Wernli et al. (2016), a distinction of cirrus clouds regarding their formation mechanism is 591 
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obtainable within the IWC-T parameter space. The cirrus forms in-situ at elevated altitudes and 592 

instantaneously at sufficiently cold temperatures. The liquid-origin cirrus cloud forms on 593 

convective uplift from initially liquid droplets at lower altitudes (and less cold temperatures). 594 

More specifically Wernli et al. (2016) distinguishes:  595 

 liquid-origin cirrus: initially well-sized liquid cloud droplets freeze at almost 596 

thermodynamic equilibrium in the ambient temperature range 235 K < T < 273 K under 597 

nearly saturated conditions with respect to water (relative humidity RHw of ~ 100 %) 598 

but at high supersaturation with respect to ice (RHi ≫ 100 %), while at freezing level, the 599 

water is capable to coexist in each of its phases (vapour, liquid, and ice).  600 

 in-situ cirrus: under exclusion of pre-existing large liquid cloud droplets, ice crystals 601 

nucleate heterogeneously (due to deposition freezing) or freeze homogeneously from 602 

tiny supercooled aqueous solution droplets (Koop et al., 2000), which are designated as 603 

“too small to be considered as cloud droplets” (Wernli et al., 2016). 604 

The main goal of juxtaposing IWC and ambient air temperature is to investigate differences in 605 

the characteristics of ice clouds, which may influence the cirrus clouds’ radiative properties. 606 

Additionally, those cirrus clouds’ properties can be investigated, which arise from the dynamics 607 

and conditions in which the cirrus ice particles have formed.  608 

In Figure 6 the IWCs versus ambient air temperatures are displayed for all cloud encounters 609 

throughout StratoClim 2017 as a function (colour code) of  610 

a) the mixing ratio of ultrafine particles (i.e. n6-15 = nuf; Figure 6a),  611 

b) the total mixing ratio n6 of particles with dp > 6 nm (Figure 6b) and  612 

c) the CO mixing ratio (Figure 6c), respectively.  613 

The upper panel of Figure 6 includes two data sets: (1) all data from StratoClim 2017 in 1-Hz 614 

resolution (grey data points) and (2) only the resulting nuf complying with the NPF criterion 615 

(colour coded data points). Mainly at very low ambient air temperatures (~ 200 K and colder) 616 

and for comparatively high IWC values, the n6-15 (grey) data were available but many failed the 617 

NPF criterion. The absolute values of the mixing ratio n6 of submicrometre-sized particles were 618 

relatively high (Figure 6b). The detection of likewise excessive mixing ratios n15 (without 619 

illustration) resulted in n6-15, which did not exceed the threshold given with the NPF criterion (cf. 620 

Section 1.1). Nevertheless, most of the n6-15 data points, which failed the NPF criterion (cf. the 621 

grey points in Figure 6a), coincide with the mixing ratios n6 reaching up to several thousands of 622 

mg-1. It is not deducible from COPAS measurements how the enriched particle densities (n6 and 623 

n15) distribute over the diameter spectrum of the submicrometre-sized aerosols. It therefore 624 

remains open whether this observation is due to an expired NPF event with subsequent 625 
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coagulation of particles from the ultrafine size range (Weigel et al., 2020a), or whether the 626 

particle enrichment is due to larger particles that were entered with the overshooting. 627 

● The absence of NPF at excessively high IWC within very cold air (Figure 6) suggests that NPF is 628 

confined as soon as strong overshooting prevails, due to the presence of predominantly liquid-629 

origin ice particles. Excessive IWC (> 1000 µmol mol-1) at air temperatures colder than 200 K 630 

indicates that strong, vertically overshooting convection had occurred. These high IWC most 631 

likely originated from cloud ice, which had formed at lower levels from liquid droplets. The 632 

amount of water vapour that is required to form ice clouds of comparable IWC at these air 633 

temperatures is too large to explain the formation of encountered cirrus by another than the 634 

liquid-origin process. This feature was observed during the StratoClim flights on 27 July and on 635 

10 August 2017. Within the same temperature range (T < 200 K), only a few NPF events with 636 

moderately elevated nuf of more than ~ 4000 mg-1 (log (nuf, mg-1) ≳ 3.6, yellow and reddish 637 

colours in Figure 6a) were encountered offside from strong vertical overshooting. 638 

● In the presence of in-situ formed cirrus particles at cold temperatures, i.e. in or around the cold 639 

point tropopause region, NPF events of remarkable strength (nuf > 5000, i.e. log (nuf, mg-1) > 3.7, 640 

orange and reddish colours in Figure 6a) or very recent NPF bursts were rarely observed. When 641 

the cloud ice has likely formed in-situ (CO < 80 nmol mol-1, yellow, greenish and blue colours in 642 

Figure 6c), NPF of reduced strength was observed (nuf < 1500 mg-1, i.e. log (nuf, mg-1) < 3.2, bluish 643 

colours of data points in Figure 6a). This indicates that NPF occurs in air with low CO content, i.e. 644 

with comparatively low pollutant load. 645 

● Suppression of NPF by cloud particles (due to the number and size of ice particles) could 646 

explain why the number of ultrafine particles remained below the NPF criterion threshold at 647 

comparatively high IWC, albeit the total mixing ratios (n6 or n15) were significantly elevated. It is 648 

not likely that a high number of interstitial, non-activated aerosol is accountable for the 649 

abundance of submicrometre-sized particles. The large particle quantities observed (103 -650 

 104 mg-1) and the comparatively moderate CO content of the air sampled (≲ 100 nmol mol-1) 651 

indicate a source of these particles at high altitudes. Very few hours after a completed NPF event 652 

(≳ 4 h), however, the event may not be detectable anymore due to the short persistence of the 653 

particles in the ultrafine size range (Weigel et al., 2020a). If the IWC values remained high over 654 

several hours due to strong overshooting, and if NPF had happened more than four hours prior 655 

to the measurements, then ultrafine particles could have coagulated to diameter sizes beyond 656 

15 nm, hence, NPF would not have been identifiable anymore with COPAS. 657 

● The air’s low pollutant load is indicated by comparatively moderate or low CO mixing ratios 658 

between 50 and about 100 nmol mol-1 at ambient air temperatures of < 200 K (Figure 6c). For 659 
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comparison, the NPF observed during the West African monsoon were associated with CO levels 660 

between 60 and 90 nmol mol-1 (Weigel et al., 2011). Observation of moderate NPF 661 

(nuf < 1500 mg-1, log (nuf, mg-1) ≲ 3.3) in the midst of in-situ formed cloud ice in air with 662 

comparatively low pollutant load (CO < 80 nmol mol-1) indicates that recent convective uplift of 663 

polluted air is not a prerequisite for NPF to occur. Slow processes, which cause an accumulation 664 

of NPF precursors at UT/LS altitudes, such as advection from elsewhere or the chemical and/or 665 

photo-chemical conversion, likely suffice to supply a reservoir of precursor material. In air with 666 

the highest CO content (> 100 nmol mol-1), the IWC-T-values (for T > 200 K, i.e. at lower 667 

altitudes) remain in expected ranges and they scatter within the limits of most frequent 668 

observations (dashed black lines in Figure 6) as obtained from earlier analyses (Krämer et al., 669 

2016). At the highest CO content (> 100 nmol mol-1), the nuf values remained predominantly 670 

below 5000 mg-1.  671 

5 The dependency of NPF on the proximity to ice particles 672 

5.1 NPF as a function of mean free distance between ice elements 673 

Surfaces, such as those of ice particles, represent a potential sink for the gaseous precursor 674 

species such as the H2SO4-H2O system, since the ice particles’ coating (Bogdan et al. (2006); 675 

Bogdan et al. (2013)) offers the necessary attachment points for the molecules of a condensable 676 

vapor. Consequently, an abundance of condensation surface should reduce or even prevent the 677 

NPF process. Cloud ice particles provide a comparatively large surface for coating, which raises 678 

the question whether NPF is affected by the presence of these particles.  679 

The free distance between the ice particles is quantified based on the measurements of Nice and 680 

of the ice particles’ mean mass radius 𝑟ice̅̅ ̅̅ , (consider 𝑟ice̅̅ ̅̅ 3~
𝐼𝑊𝐶

𝑁𝑖𝑐𝑒
). The mean free volume in between 681 

the ice particles (the inter-crystal volume, ICV per cm³ of air) is calculated with the number 𝑁ice
∗  682 

of ice particles per air volume (instead of the particles’ number concentration) as:  683 

𝑰𝑪𝑽 =
𝑽 − 

𝟒

𝟑
∙𝝅∙�̅�ice

𝟑 ∙𝑵ice
∗

𝑵ice
∗   (2), 684 

which basically subtracts the total ice volume from the sampled air volume (V = 1 cm³) and the 685 

division by 𝑁ice
∗  yields the ICV. Consequently, the ICV represents the mean particle-free volume 686 

assuming the distribution of ice crystals within the air volume as homogeneous. As long as the 687 

particle number and size remain small, subtracting the total ice volume from the air volume in 688 

equation (2) yields results without significant contribution. With a maximum of measured 689 

𝑁ice
∗  = 3 cm-3 together with the maximum detected ice particle radius of 100 µm, the subtraction 690 

𝑉 −
4

3
∙ 𝜋 ∙ �̅�ice

3 ∙ 𝑁ice
∗   corresponds to 1 cm-3 – 10-11 cm-3. Hence, the volume of ice is insignificant 691 
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compared to the volume of air, and the ICV may be considered as a function of Nice only. The 692 

mean inter-crystalline distance (ICD, in cm) is then calculated by: 693 

𝑰𝑪𝑫 = √
𝑰𝑪𝑽

(
𝟒

𝟑
∙𝝅)

𝟑
  (3),  694 

and the ICV is assumed as a sphere around every individual ice particle. The radius of each 695 

sphere constitutes the mean ice-free distance into any direction from the individual ice particle. 696 

Conceptually, this approach corresponds to the definition of the cloud elements’ distance 697 

provided by Baumgartner and Spichtinger (2018). 698 

Figure 7a depicts the number concentration of ultrafine particles (Nuf) as a function of the 699 

calculated ice particles’ mean free distance from each other. The continuous colour transition of 700 

the data points from red to blue indicates the independence of the number of ultrafine particles 701 

in reference to the ice particles' mean free distance and rather documents the obvious 702 

relationship between the number of ice particles and their distance. The present ice particles 703 

compete for the limited amount of available water vapour; consequently, elevated number 704 

concentrations of ice particles are associated with many small ice particles. In essence, only the 705 

number of ice particles Nice would not be able to constrain the occurrence and/or strength of 706 

NPF, as under encountered atmospheric conditions, a wide scattering of Nuf concentrations was 707 

observed at any ICD between about 1 cm and 10 cm.  708 

Figure 7b shows the ice particles’ mean mass radius 𝑟ice̅̅ ̅̅  as a function of the ICD and the number 709 

of ultrafine particles. By means of the mean mass radius 𝑟ice̅̅ ̅̅ , two different cases were 710 

distinguished: 711 

a) In the smallest ice particle size range (~ 3µm < 𝑟ice̅̅ ̅̅  < ~ 20 µm, log (𝑟ice̅̅ ̅̅ , µm) ≲ 1.3), a 712 

dependency of the ICD on the particle size was discernible. For instance, smallest ice 713 

particles (bluish 𝑟ice̅̅ ̅̅ ) predominantly coincided with short ICD of about 1 cm at elevated 714 

Nice. Towards larger ICD, ice particle sizes continuously increased up to 𝑟ice̅̅ ̅̅  ≈ 20 µm, 715 

which again reflects the competition of the ice crystals for the available water vapour. 716 

However, within the same interval of ice particle sizes (𝑟ice̅̅ ̅̅  < ~ 20 µm), the 717 

concentrations Nuf scattered over almost two orders of magnitude (from ~ 100 cm-3 to 718 

~ 10 000 cm-3) up to ICD of ~ 10 cm without any obvious systematic.  719 

b) In the presence of larger ice particles, 𝑟ice̅̅ ̅̅  > ~ 30 µm (1.3 < log (𝑟ice̅̅ ̅̅ , µm) ≲ 1.4, orange 720 

and reddish colours), the ICD ranged from ~ 1 cm to values above ~ 10 cm. Hence, not 721 

only 𝑟ice̅̅ ̅̅  determined the resulting ICD, but Nice increasingly contributed as well. 722 

Unexpectedly, the concentrations Nuf were not at the highest when ICD values reached 723 

their maximum of slightly more than 10 cm. For largest particles sizes (𝑟ice̅̅ ̅̅  > ~ 30 µm), 724 
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the values of Nuf accumulate at number concentrations of ~ 400 - 4000 cm-3 over the 725 

entire range of ICDs. 726 

As long as the mean ice particle radius remained below a few dozen µm, NPF was encountered 727 

with almost any resulting Nuf concentration. It was shown before (Section 4.4 and Figure 4), that 728 

a wide scatter of Nuf was observed largely independent from coincidently detected number Nice 729 

of ice particles. Hence, in-cloud NPF – as found during StratoClim 2017 - occurred almost 730 

unaffected by the ice particle number, as long as the mean ice particle size remained small 731 

enough (i.e. with 𝑟ice̅̅ ̅̅  < 20 µm). 732 

Instead of evaluating the number of ultrafine particles as an exclusive function either of ice 733 

crystal number or of the ice particle radius, respectively, the IWC combines both microphysical 734 

parameters of the observed ice clouds, particle size and number concentration. The particle 735 

mass (i.e. the particle radius to the third power, r³) is proportional to IWC and Nice. Indeed, if Nuf 736 

over ICD are analysed as a function of IWC, a certain systematic becomes visible (Figure 7c). At 737 

lower IWC (< 1 µmol mol-1, log (IWC, nmol mol-1) ≲ 0, bluish and green colours) the ICDs were at 738 

the largest and observed NPF was of the highest intensity (Nuf of several thousands per cm³). 739 

Between 1 µmol mol-1 and 10 µmol mol-1 (yellow colours) the maximum of Nuf throughout 740 

observed NPF events was reduced. The maximum Nuf was further reduced when IWC further 741 

increased beyond 10 µmol mol-1. This result shows that the maximum Nuf reached throughout in-742 

cloud NPF was determined by the combination of both, the ice particles’ number concentration 743 

Nice and their mean mass radius 𝑟ice̅̅ ̅̅  .  744 

5.2 NPF as a function of cloud elements’ integral radius IR 745 

Indications were found that both, number density and size of cloud ice particles, have a 746 

complementary effect on the amount of ultrafine particles (Nuf) resulting from in-cloud NPF. This 747 

motivates the compilation of Nuf values as a function of the integral radius IR = 𝑟ice̅̅ ̅̅ ∙  𝑁ice of the 748 

ice particle population. The parameter IR was described, e.g., by Manton (1979), or Politovich 749 

and Cooper (1988), and is frequently used to characterise clouds’ microphysical properties (e.g. 750 

Korolev and Mazin (2003); or Krämer et al. (2009)). IWC and IR are expected to be strongly 751 

related as the diffusive growth of an ice particle is proportional to IR (see e.g. Pruppacher and 752 

Klett (2012)). The relationship between IWC and IR is also apparent from a systematic sorting of 753 

the data points displayed in Figure 8a. The probability should be high that weak NPF (generating 754 

low Nuf) often occurred in the presence of ice particles. In contrast, the occurrence of excessive 755 

NPF events in the cloud (with Nuf significantly exceeding several thousand per cm³) was less 756 

likely. For almost all IR below 1 µm cm-3, however, the Nuf concentrations were unsystematically 757 

scattered over the entire interval between ~ 100 cm-3 and ~ 10 000 cm-3.  758 
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Towards the highest IR (> 1 µm cm-3), the maximum of observed Nuf continuously decreased. 759 

Generally, this may reflect a limiting influence by the cloud ice on the maximum strength of 760 

occurring NPF (indicated by the diagonal grey-shaded bars in Figure 8). An exceptional feature 761 

is exhibited in Figure 8a with a high signal of Nuf (~ 3000 – 4000 cm-3) amongst elevated IR 762 

(between ~ 4 and 10 µm cm-3). This cluster of data points resulted from the measurements of 763 

two individual mission flights, on 27 July (~ 3000 cm-3 < Nuf < ~ 3500 cm-3) and on 06 August 764 

(~ 3500 cm-3 < Nuf < ~ 4000 cm-3), respectively. During these measuring periods, ice particle 765 

densities (Nice) and the mean ice particle sizes (i.e. the particles’ mean mass radius 𝑟ice̅̅ ̅̅  ) did not 766 

rise above 0.1 - 0.3 cm-3 and 25 - 50 µm. Neither Nuf nor the ice microphysics exceeded the range 767 

of moderate values. The two independent exceptional observations may indicate a 768 

local/temporal state of imbalance and could have been caused by:  769 

1) moderate NPF, which was just proceeding when measured or which had been completed 770 

very recently (in such a case, the observed Nuf should rapidly decay due to coagulation, 771 

within less than one hour, to values of ~ 1000 cm-3), or  772 

2) ice particles, which sediment from high altitudes into an area of currently active NPF,  773 

3) cooling of air accompanied with nucleation of ice, while the cooling is due to air parcel’s 774 

vertical displacement possibly resulting from convective overshooting or gravity wave 775 

activity (cf. Weigel et al. 2020a).  776 

The generally limiting influence by the cloud ice on the maximum strength of NPF, that is 777 

indicated by the majority of observations, is possibly explainable by the reduction of NPF 778 

precursors due to condensation onto present surfaces provided by the ice particles (maximum 779 

Nice: 2 - 3 cm-3). The question arises whether the distance between the ice particles allows 780 

efficient absorption and sustained reduction of NPF precursor molecules, or whether such an 781 

effect is only likely in the immediate vicinity of an ice particle. However, the effectiveness of such 782 

a process strongly depends on the diffusivity of the NPF precursor’s molecules. If the molecules 783 

of the main NPF precursor are absorbed before thermodynamic conditions for NPF are reached, 784 

then these molecules are removed and missing in the formation of molecular clusters as initial 785 

step in the nucleation process. Sulphuric acid (H2SO4) is one of the most prominent condensable 786 

vapours and NPF precursors in the atmosphere. Numerical analyses concerning the reduction of 787 

the saturation ratio of H2SO4 due to the presence of ice particles, which are coated with H2SO4 (as 788 

typical for cirrus particles at 10-20 km altitude; cf. Bogdan et al. (2006); Bogdan et al. (2013)) 789 

are described in Appendix B: Impact of ice particles on NPF precursors’ saturation ratio(see also 790 

Figure B- 1). Although the binary H2SO4-H2O nucleation process alone is assumed as insufficient 791 

to explain atmospheric NPF (Bianchi et al. (2016); Kirkby et al. (2011)), the numerical analysis 792 

may qualitatively apply also for saturated condensable vapours containing compounds other 793 

than dissolved H2SO4 (Riccobono et al., 2014).  794 
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The numerical analysis yielded that the precursor’s saturation ratio decreases rapidly with 795 

increasing IR. As long as the ice particles’ size remains small (radii < 10 µm) their influence on 796 

the saturation ratio of the NPF precursor is comparatively weak. However, as demonstrated for 797 

H2SO4 (cf. Appendix B), rising IR (combining ice particle size and number) could crucially confine 798 

the production of high Nuf, or inhibit NPF at all. In particular, only completely uncoated ice 799 

particles of pure water (which are excluded to exist in the UT/LS; cf. Bogdan et al. (2006); 800 

Bogdan et al. (2013)) would be ineffective condensation surfaces for H2SO4 vapour, since 801 

attachment points for H2SO4 molecules were lacking on the surface of pure ice water. Hence, the 802 

frequent observations of in-cloud NPF is indicative for processes, which are capable of 803 

maintaining sufficiently high NPF precursor saturation ratios. Such processes could involve 804 

turbulent mixing of precursor-enriched air (entrainment) or a cooling process as induced, e.g. by 805 

a temperature anomaly due to gravity wave activity (cf. Weigel et al. (2020a)). Otherwise, NPF 806 

observations should be less frequently observable in the view of ice particles’ effective influence 807 

on the saturation ratio of NPF precursors. 808 

From the results shown in Figure 8a, it may be concluded that the Nuf-range of 500-3000 cm-3 is 809 

most frequently observed over the entire extent of detected IR values. While this confirms the 810 

impression from Figure 4 (cf. Section 4.4), the conclusions from Figure 8 allow for approaching a 811 

possible explanation of the Nuf‘s behaviour with IR:  812 

1) The maximum Nuf resulting from in-cloud NPF is determined by IR. Abundant ice 813 

particles of sufficient size are capable of reducing the saturation ratio of NPF precursors 814 

within time scales ranging from half an hour to a few hours. Consequently, moderate or 815 

weak NPF events with less excessive Nuf production may occur most frequently in the 816 

presence of cloud ice. However, the probability to instrumentally identify weak events 817 

decreases with decreasing Nuf.  818 

2) Furthermore, coagulation also affects Nuf in time scales of a few to dozens of hours (cf. 819 

Weigel et al. 2020a), very likely constituting the most efficient altering process of 820 

ultrafine particles from NPF.  821 

At the time of observation, the age and processing progress of the ultrafine particles are 822 

unknown. Amongst the previously described effects, the temporal delay between the NPF event 823 

and the measurement may have a crucial but unquantifiable impact on the actually observed Nuf, 824 

as the altering of ultrafine particles is very effective in time scales of a few hours (Weigel et al. 825 

2020a). Hence, it is likely a matter of probability, that in-cloud NPF with moderately high Nuf 826 

(e.g. 500-3000 cm-3) is most frequently observed. According to the data compiled in Figure 8, IR 827 

values of about 24 µm cm-3 (corresponding to Nice of about 0.7-0.8 cm-3 and mean mass radii 𝑟ice̅̅ ̅̅  828 

of about 32 µm) constituted in general the uppermost limit for in-cloud NPF observation during 829 

StratoClim 2017.  830 
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Another processing of the same data set, i.e. Nuf as a function of IR, implies a data sorting by 831 

means of CO mixing ratio (Figure 8b). Apparently, none of the emerging samples, neither with 832 

highest Nuf nor with highest IR, was directly ascribable to polluted air, which was recently lifted 833 

from the surface. Strongest NPF (Nuf > 5000 cm-3) were exclusively observed at CO mixing ratios 834 

ranging between ~ 90 and 100 nmol mol-1, which indicates the air’s moderate pollutant load or 835 

its moderate age. Alternatively, these CO values may reflect certain mixing states of air masses of 836 

significantly different age. In less polluted air (CO mixing ratios below~ 70 nmol mol-1), the IR 837 

reaches the highest values (up to ~ 24 µm cm-3) which were observed together with elevated 838 

IWC (up to ~750 µmol mol-1, i.e. log (IWC, nmol mol-1) ≈ 0.88). Within pristine air, cloud ice 839 

particles mostly likely form in-situ. It is conceivable, that the in-situ cloud ice formation and NPF 840 

happens simultaneously, potentially induced by the same process: e.g. by updraughts due to 841 

subjacent convection (pileus effect) or by (local) cooling due to gravity waves (cf. Weigel et al. 842 

2020a). In such cases (CO < 70 nmol mol-1), the observed Nuf are systematically lower than 843 

1000 cm-3 and they mostly range at a few hundreds per cm³.  844 

Hence, air masses with low pollutant loads obviously contain sufficient amounts of precursor 845 

material to supply moderate NPF (100 cm-3 < Nuf < 1000 cm-3) which may strengthen the 846 

hypothesis that air’s pollutant load is not an essential prerequisite for the occurrence of most 847 

intense NPF (Nuf > 5000 cm-3 at IR < 1 µm cm-3) in the UT/LS region. This differs from earlier 848 

findings from ground-based measurements at high mountain sites (at about 5 km altitude) in the 849 

Himalaya region (Venzac et al., 2008) or at the Jungfraujoch station (~ 3.5 km altitude) in the 850 

Swiss Alps (Bianchi et al., 2016) who attributed their frequent NPF observations to the 851 

advection of polluted air which rises up from the valleys towards the research stations. 852 

Williamson et al. (2019) made their very frequent NPF observations based on a very 853 

comprehensive data set of airborne in-situ measurements over both oceans, the Atlantic and the 854 

Pacific, i.e., in certain distance away from direct convective supply by industrial pollution. 855 

However, different atmospheric conditions and/or different chemical precursor species might 856 

play a role in the NPF processes occurring in the boundary layer or at UT/LS altitudes. 857 

6 Summary and Conclusions 858 

Between 27 July and 10 August 2017 the airborne StratoClim mission took place in Kathmandu, 859 

Nepal, comprising eight mission flights (~ 22.5 hours of COPAS measurement time above 10 km, 860 

θ ≳ 350 K) up to altitudes of 20 km (θ ≈ 475 K) with the Russian high-altitude research aircraft 861 

M-55 Geophysica. The present analysis includes the description and discussion of New Particle 862 

Formation (NPF) in the presence of cloud ice particles as observed in the UT/LS region of the 863 

Asian Monsoon Anticyclone (AMA) over northern India, Nepal and Bangladesh. Elevated 864 

concentrations of ultrafine particles (Nuf) generated by NPF were observed in hitherto 865 

unexpected frequency together with ice particles (Nice > 0 cm-3) at altitudes between ~ 11 km 866 
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and 16 km (~ 355 - 385 K) and mainly at ambient temperatures colder than ~ 230 K. During 867 

StratoClim 2017, a total number of 104 in-cloud NPF events was observed over a total duration 868 

of 1 hour and 17 minutes (~ 5 % of the total data set, ~ 49 % of all observed NPF cases). 869 

Maximum concentrations of ultrafine particles of up to ~ 11000 cm-3 (≈ 50000 mg-1) were 870 

detected coincidently with ice particles in concentrations Nice of 0.05 – 0.1 cm-3 (correspondent 871 

to 50 - 100 ice particles per litre) at heights of approximately 15 km (~ 370 K).  872 

Analyses of the StratoClim data set concerning the relationship between interstitial aerosol and 873 

the abundance of cloud particles in the UT/LS are consistent with the findings from earlier 874 

measurements (de Reus et al., 2009), and extended these by new observations under different 875 

conditions. When ice particles are abundant (Nice > 0.5 cm-3), total aerosol number 876 

concentrations (N10) remain generally between ~ 200 cm-3 and 700 cm-3. In agreement with 877 

earlier findings (de Reus et al., 2009), the ratio of ice particle number and the number of 878 

submicrometre-sized aerosols did not significantly rise above 300 aerosols per ice particle at 879 

low air temperatures (< 200 K). Intense NPF, generating ultrafine particles of several thousands 880 

per cm³, decrease the ice particle – aerosol – ratio substantially. However, such intense NPF was 881 

not observed at ratios larger than 1:3000, which indicates that the presence of cloud ice imposes 882 

limitations to the occurrence of NPF. 883 

In-cloud NPF appears confined in the presence of predominantly liquid-origin ice particles with 884 

increased ice water content resulting from strong convective overshooting. This is confirmed by 885 

coincidently measured CO content of the air sample: air’s pollutant load and/or its recent 886 

surface contact do not determine the strength of in-cloud NPF. Otherwise, the most intensive 887 

NPF events should occur within air masses with highest CO content. When the cloud ice has 888 

formed in-situ, at low CO mixing ratios, NPF was observed although with reduced strength. 889 

However, it is not yet conclusively clarified whether the direct convective supply of precursor 890 

material from pollution in the boundary layer is an essential prerequisite for the occurrence of 891 

NPF in the UT/LS, or whether NPF together with the ice cloud formation are initialised in 892 

processed and diluted air masses. The observations suggest that sufficient amounts of NPF 893 

precursor accumulate at UT/LS altitude, which is not necessarily connected to air’s recent 894 

vertical uplift. It remains speculative, and it should be subject of suitable numerical analyses, to 895 

which extent the vertically lifted ice particles themselves contribute as carrier for soluble NPF 896 

precursor gases such as SO2, H2SO4, or others, e.g., if dissolved in the cloud elements’ liquid 897 

phase at lower heights and if released again at TTL altitudes after the cloud ice has sublimated. 898 

Comparatively slow processes, as air mass transport from elsewhere or the chemical and/or 899 

photo-chemical conversion at elevated altitudes may suffice to supply the reservoir of NPF 900 

precursors at UT/LS altitudes. NPF of highest intensity, however, was observed at moderate CO 901 
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mixing ratios, indicating a moderate pollutant load, and a certain age or mixing state of the air 902 

mass. Intense NPF seems almost confined in strong convective updraughts (cf. Section 4.2), 903 

either because of the intense dynamics inherent with overshooting convection, or because the 904 

precursor’s saturation ratio of recently uplifted air does not suffice for immediate NPF.  905 

The occurrence of NPF is strongly dependent on the precursor’s saturation ratio. Ice particles in 906 

sufficient number and size are well capable to reduce the saturation ratio of a NPF precursor 907 

such as H2SO4. This implies two conclusions: 1) in-cloud NPF is confined by abundant ice 908 

particles and 2) not only the number of ice particles limits the NPF occurrence but also the ice 909 

particles’ size. The strength of in-cloud NPF most clearly depends on the integral radius IR (=910 

𝑟ice̅̅ ̅̅  ∙ 𝑁ice), the product of the ice particles number concentration and the ice particles’ mean 911 

mass radius. The IR turned out as appropriate cloud ice related parameter to juxtapose with NPF 912 

data. Up to IR of ~ 1 µm cm-3 the occurrence of NPF of any strength (with 913 

~ 100 < Nuf < 10 000 cm-3) seems independent on the presence of ice particles at all. At larger IR 914 

(> 1 µm cm-3) the presence of ice particles limits the maximum of Nuf from NPF. This result 915 

refines earlier findings (Weigel et al., 2011) that mainly the number of ice particles would limit 916 

the occurrence of NPF.  917 

The observations indicate that a Nuf-range of 500-3000 cm-3 was most frequently observed 918 

during in-cloud NPF. However, weak NPF generating only low Nuf may occur most frequently in 919 

the presence of cloud ice, whilst the probability to instrumentally identify such weak events 920 

decreases with decreasing Nuf. Additionally, coagulation affects large Nuf in time scales of a few to 921 

dozens of hours (cf. Weigel et al. 2020a). As a consequence, the supposedly preferred Nuf-range 922 

likely results from superimposed effects, and it may be a matter of probability and timing (delay 923 

between NPF event and observation) that the Nuf-range of 500-3000 cm-3 is most frequently 924 

observed in the presence of cloud ice. 925 

At the moment of observation, the age of the ultrafine aerosol (the delay between the NPF burst 926 

and the instrumental detection) as well as the aerosol’s processing history is unknown. While 927 

the aerosol’s persistence in the ultrafine size range is limited, it is conceivable that the 928 

abundance of aerosols influences the local formation of ice particles, or that ice particles are 929 

coated by ultrafine aerosol material due to coagulation. Above certain sizes, the cloud ice 930 

elements are increasingly subject to sedimentation. At warmer ambient temperatures, the ice 931 

particles may sublimate. This could release the materials attributed to the initially NPF-932 

generated ultrafine aerosol. It remains speculative whether or not, in terms of physico-chemical 933 

characteristics, the released aerosol material is comparable with the primary NPF-generated 934 

aerosol. However, the sublimation of coated ice particles and the release of aerosol material at 935 

intermediate altitudes could provide nuclei for entrainment and/or cloud formation. It remains 936 
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unquantified, however, whether NPF near the surface (cf. Venzac et al. (2008) or Bianchi et al. 937 

(2016)) or the NPF at UT/LS altitudes contribute at the most to the availability of cloud 938 

condensation nuclei (CCN), which are supposed to promote cloud formation (Andreae et al., 939 

2018) at the cloud condensation levels. Most likely the specific source contributions to the 940 

abundance of available CCN are as variable as are the chemical species potentially involved in 941 

the NPF process.  942 
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Appendix A: Exclusion of artefacts on NPF observation due to the presence of cloud ice 976 

During the herein discussed NPF events, the detected total number concentration of cloud 977 

elements never exceeded ~2-3 cm-3. Thus, the number density of cloud elements were always 978 

significantly smaller (at least by two orders of magnitude) compared to detected aerosol 979 

number concentrations. At ambient air temperatures much colder than 235 K (and as cold as 980 

187 K), the clouds entirely consisted of ice particles. In other studies, however, the discussions 981 

on NPF are restricted to measurements under cloud-free (clear-air) conditions as the cloud 982 

particles are suspected to possibly impact onto the aircraft’s hull or the aerosol inlet, this way 983 

possibly generating artefacts on the aerosol measurements (Williamson et al. (2019) referring to 984 

Weber et al. (1998)). Regarding the in-cloud NPF observations throughout StratoClim 2017, the 985 

following aspects are noteworthy: 986 

1) At typical flight speeds of the M-55 Geophysica (154 ± 39 m s-1), sub-micrometre-sized 987 

ice particles should negligibly be subject to impaction on parts of the aircraft structure 988 

(nose, wing’s leading edge, etc.) as the particles are well capable to follow the air stream 989 

around such flow obstacles (Kulkarni et al., 2011). Furthermore, ice particles in the 990 

diameter size range of a few micrometre (i.e. 1 µm < dp < 10 µm) likely sublimate in the 991 

congestion region upstream of any aircraft structure (e.g. the wings leading edge, or the 992 

aerosol inlet). Even though a single particle of the aforementioned size could randomly 993 

enter the COPAS aerosol inlet, the diffuser-type entry of the aerosol inlet leads to a 994 

deceleration of the air flow inside the probe head (Weigel et al., 2009) accompanied with 995 

a sudden temperature increase in the air sample (according to fluid dynamical 996 

simulations of the inlet flow; Weigel et al. (2009) and references therein). Hence, rapid 997 

sublimation of ice particles in the diameter size range of a few µm can be expected to 998 

occur inside the aerosol inlet of COPAS. The entry of the sample air into the inlet's 999 

second diffuser additionally reduces the sampling of ice particle fragments. 1000 

2) The number concentration of ice particles with diameter dp > 10 µm mostly remained 1001 

below 0.4 cm-3 when coincidently detected with NPF. On impact and shattering of a 1002 

single ice particle of such a size, the number of generated fragments is estimated to 1003 

range at about 10-100 per cm³ (Korolev et al., 2013). Hence, to substantially affect the 1004 

detected number concentration of ultrafine particles (on magnitude order of hundreds to 1005 

up to ten thousands per cm³), the number of ice particles possibly emanating from 1006 

shattering appears too low.  1007 

3) The probability that ice particles hit the sharp edged tips of the COPAS aerosol inlet 1008 

(Weigel et al., 2009) appears negligibly small. The impaction surface provided by the 1009 
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COPAS aerosol inlet is mainly the inlet’s ring-shaped entry with an opening diameter of 1010 

~ 7.3 mm and a wall thickness of ~ 100 µm. In the unlikely case that a single ice particle 1011 

impact occurred, all generated fragments were required to endure the temperature rise 1012 

within the inlet head (cf. first argument of this list) and the transport through the aerosol 1013 

lines towards the COPAS detectors before they can cause any effect on the measurement.  1014 

An effect of shattered large ice particles on the detection of ultrafine aerosol particles is 1015 

ultimately not excludable. However, despite the reference by Williamson et al. (2019) in this 1016 

context, ice particle fragmentation was not described by Weber et al. (1998). The same authors 1017 

discuss the influence on NPF detections due to fragmentation of supercooled liquid-water cloud 1018 

droplets and suggest a careful discussion in such cases. In general, such an influence due to the 1019 

fragmentation of ice particles was largely ruled out or estimated as much lower than that of 1020 

liquid droplets (Weber et al., 1998). Concerning the analyses discussed herein, however, it 1021 

seems a statistical exception that ice particle fragments emanating from shattered ice particles 1022 

crucially affect the measurement of the numbers of ultrafine aerosol particles. Moreover, if the 1023 

NPF detections were systematically affected by the presence of cloud ice, the observed 1024 

quantities of ultrafine particles would probably feature systematic and larger differences during 1025 

in-cloud measurements compared to clear-air observations. None of the described artefacts was 1026 

observable in the data from StratoClim 2017.  1027 

Appendix B: Impact of ice particles on NPF precursors’ saturation ratio  1028 

Calculations were made regarding the time scales in which the decrease of the supersaturation 1029 

of H2SO4 vapour occurs in the presence of coated ice particles. These serve as estimates 1030 

concerning the efficiency of the diffusional loss of condensable materials, i.e. of the process 1031 

competing with the gas-to-particle conversion of these vapours. The molecules of condensable 1032 

and saturated (or supersaturated) vapours condense onto available surfaces, such as provided 1033 

e.g. by an ice particle, whereas the combination of molecules into stable clusters requires 1034 

significantly supersaturated conditions to form new particles out of the gas phase. However, it 1035 

seems plausible that in the closest vicinity of an ice particle the condensational loss of a 1036 

precursor gas like sulphuric acid (H2SO4) predominates over the NPF process. For H2SO4, as a 1037 

representative of the NPF precursors, the question arises how efficient the condensation of 1038 

H2SO4 occurs onto provided surface. The molecules’ mobility and the condensation efficiency of 1039 

the H2SO4 molecules is mainly determined by their diffusivity under the given atmospheric 1040 

conditions. The diffusivity of H2SO4 is about a factor of 0.2-0.5 of the diffusivity of water vapour 1041 

(Tang et al., 2014). Consequently, the condensational deposition of H2SO4 onto the coated 1042 

particles surface causes the saturation ratio of H2SO4 to decrease within the environment of the 1043 
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ice particle, which likely suppresses the process of NPF within a certain range around the ice 1044 

particle.  1045 

Presuming that the ice particles are coated with H2SO4 (Bogdan et al. (2006); Bogdan et al. 1046 

(2013)), model simulations were performed to investigate the timescales within which the 1047 

coated ice particles reduce various H2SO4 saturation ratios. The simulation results (shown in 1048 

Figure B- 1) are based on constant ambient temperature (T ≈ 200 K) and pressure (p = 110 hPa) 1049 

conditions. For the same temperature conditions, the saturation vapour pressure psat of H2SO4 is 1050 

calculated according to Vehkamäki et al. (2002). This way, the degree of supersaturation is 1051 

deducible from the H2SO4 molecules concentrations reported for the CLOUD (Cosmics Leaving 1052 

OUtdoor Droplets) chamber experiments (cf. Kürten (2019), and references therein). According 1053 

to this study, and in agreement with other references (H. Gordon, School of Earth and 1054 

Environment, Leeds University, UK, personal communications Oct. 2019), molecule 1055 

concentrations of 106 ― 107 cm-3 are required in the CLOUD chamber at temperatures of 208 K 1056 

to induce NPF with nucleation rates of 10-2 ― 100 cm-3 s-1 (read out from Fig. 4 in Kürten 1057 

(2019)). Keeping possible wall effects of the laboratory experiments in mind, for the occurrence 1058 

of NPF under real atmospheric conditions, the lower bound of required molecule concentrations 1059 

(106 cm-3) may suffice, with an uncertainty of a factor five (H. Gordon, School of Earth and 1060 

Environment, Leeds University, UK, personal communications Oct. 2019). At an ambient 1061 

temperature of 208 K, the molecule concentrations of 106 ― 107 H2SO4 cm-3 (Kürten, 2019) 1062 

correspond to saturation ratios of about S ≈ 10 ― 100. The following analysis, however, 1063 

comprises a much wider range of saturation ratios between 10 and up to 5000 to account for a 1064 

higher sensitivity of the temperature dependency of S and for other nucleation rates than chosen 1065 

for this study.  1066 

Based on the expression formulated by Tsagkogeorgas et al. (2017) with the saturation vapour 1067 

pressure psat of H2SO4 (above a flat surface) and with an accommodation coefficient of α = 0.65 1068 

(Pöschl et al., 1998), the ice particle’s change of mass m per time unit is calculated by:  1069 

d𝑚

d𝑡
=  

4𝜋𝐷𝑟(𝑆−1)

(
𝐿

𝑅𝑇
−1)

𝐿

𝑇
 
𝐷

𝐾
+ 

𝑅𝑇

𝛼∙𝑝𝑠𝑎𝑡

       (B −1),  1070 

which conceptually represents the change of mass (size) of the particles, onto which the H2SO4 1071 

condenses and which is also consistent with the finding that cirrus cloud elements are coated 1072 

with a H2SO4-H2O layer (Bogdan et al. (2006); Bogdan et al. (2013)). The diffusivity of H2SO4 1073 

molecules in air is denoted with D, and K refers to the thermal conductivity of air, while R and Ra 1074 

are the gas constants of H2SO4 and the air, respectively. However, since the particle growth of 1075 

micrometre-sized ice particles due to condensation of H2SO4 molecules is negligible, the change 1076 
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of particle mass is considered as the loss of H2SO4 mass from the gas phase to the particles. The 1077 

resulting change of saturation ratio per time unit is given as: 1078 

d𝑆

d𝑡
= − 

𝑅

𝑅𝑎
 

𝑝

𝑝𝑠𝑎𝑡
𝑁ice  

d𝑚

d𝑡
    (B −2), 1079 

with the latent heat of vaporisation which is assumed as constant: 1080 

𝐿 =  
67.59 ∙103 J mol-1 

𝑀H2SO4
    (B−3),  1081 

and Nice constitutes the number density of ice particles. Here, the sulphuric acid’s molar mass is 1082 

MH2SO4 = 0.098078 kg mol-1. Note, the combination of the equations B−2 and B−1 depicts that 1083 

d𝑆

d𝑡
~ 𝑟 ∙ 𝑁ice, i.e. the temporal change of the precursor’s saturation ratio is proportional to the 1084 

integral radius IR considered in Section 5.2. 1085 

In Figure B- 1 the variability of two aspects is considered and in the panels (a-c) it is 1086 

distinguished between three ice particle radii (1 µm, 10 µm, and 100 µm) and two different ice 1087 

particle number concentrations (0.01 and 0.1 cm-3). The study by Ueyama et al. (2020) revealed 1088 

that ice particles (effective radii of about 15 µm) persist over 12 to 20 hours at convective 1089 

outflow levels between 365 K and 370 K potential temperature in the 2017 AMA.  1090 

Based on the simulation, apparently, the largest particles (rp = 100 µm) are capable to efficiently 1091 

suppress the NPF process. Particles of this size and in highest concentrations of 0.1 cm-3 cause 1092 

the saturation ratio to rapidly abate to saturation level (i.e. S = 1) within 20-50 minutes. Even at 1093 

lower concentrations (0.01 cm-3) of particles of 100 µm radius, the saturation ratio is efficiently 1094 

reduced by more than 70 % within 1 hour. Particles of 10 µm radius and in concentrations of 1095 

0.1 cm-3 appear to be equally efficient in reducing the saturation ratio by ~ 70 % within 1 hour. 1096 

Smaller number concentrations of the same particle size range, and smaller particles (rp = 1 µm), 1097 

in general, require considerably more time than 1 hour to significantly reduce the H2SO4 1098 

saturation ratio. 1099 

In essence, cloud ice particles are well capable to rapidly reduce the saturation ratio of H2SO4 1100 

and, very likely, also the saturation ratio of other condensable gases. The ranges of Nice (0.01 -1101 

 0.1 cm-3) and particle size (1 µm < rp < 100 µm) considered in the simulation correspond to the 1102 

characteristics of ice particles coincidently observed with NPF throughout the StatoClim 2017 1103 

mission (away from NPF higher concentrations and larger sizes were found, cf. Krämer et al. 1104 

(2020)). About 71% of all ice cloud detections in coincidence with NPF had an IR (i.e.  𝑟ice̅̅ ̅̅  ∙  𝑁ice) 1105 

of less than 1 µm cm-3, while only about 1.5 % of the ice particle samples reached IR values 1106 

greater than 7.5 µm cm-3; the maximum IR of 24 µm cm-3 was encountered once throughout the 1107 

entire mission. In general, the cirrus cloud particles are expected as coated with a H2SO4/H2O 1108 
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layer (Bogdan et al. (2006); Bogdan et al. (2013)) onto which sulphuric acid can condense. 1109 

However, impurities by weaker and substitutable acids (such as organic acids or HCl or HNO3) 1110 

also allow the H2SO4 uptake on the surface, which could reduce the gaseous H2SO4 concentration 1111 

this way potentially suppressing NPF. Hence, in certain abundance the presence of cloud ice 1112 

particles restrains the NPF process, when condensation prevails over the competing gas-to-1113 

particle conversion. The efficiency of condensation onto the ice particles’ surface strongly 1114 

depends on  1115 

1) the size and number concentration of cloud ice particles and,  1116 

2)  on the time interval during which the conditions remain at least saturated.  1117 

For the numerical simulation of the saturation decay, an ice particle is assumed as entirely 1118 

coated (consistent with Bogdan et al. (2006); Bogdan et al. (2013)) and the (real) ice particle’s 1119 

habit (e.g. asphericity, porosity, etc.) remains unconsidered. Sporadic updraughts, such as 1120 

initialised by convective lifting well below the NPF level, or gravity waves could cause small-1121 

scaled expansion and cooling which increases the precursor’s supersaturation (Weigel et al., 1122 

2020a). Hence, a certain concentration of H2SO4 molecules could exceed the supersaturation 1123 

threshold for NPF, even in the presence of abundant cloud ice, as long as the NPF process occurs 1124 

faster than the reduction of S due to the present ice.  1125 
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Figure captions  1556 

Figure 1: The flight patterns of the M-55 Geophysica during StratoClim 2017 over the Indian 1557 

subcontinent. New particle formation (NPF) encountered in clear air along the flight tracks are 1558 

indicated by orange colour in the main panel a). All NPF events coinciding with the detection of 1559 

cloud (ice) particles are coloured in blue. The general perspective, b), exhibits the patterns of the 1560 

eight StratoClim flights over Nepal, North - East India, Bangladesh, and the Bay of Bengal. For 1561 

more details, see Table 1.  1562 

Figure 2: The 1-Hz resolved number concentrations of aerosol particles in the ultrafine size 1563 

range (Nuf) and of cloud (ice) particles (Nice) of the eight StratoClim flights compiled in one time 1564 

series ranging from 03:30 (UTC) to 12:30 (UTC). Kathmandu’s (Nepal) local noontime is 1565 

indicated by the vertical orange line (corresponding to 06:15 UTC, or 22500 seconds of day, 1566 

UTC). Data points of Nuf in black whenever Nice (cyan) equals zero, otherwise Nuf is coloured in 1567 

red. The blue dashed line indicates the median Nice (0.031 cm-3) for the entire dataset of cloud 1568 

particle detections during StratoClim 2017 (Krämer et al., 2020). 1569 

Figure 3: Vertical profiles of the mixing ratio (1-Hz resolved) of aerosols in the ultrafine size 1570 

range (nuf) versus the potential temperature (θ). a): all data separated concerning coincident 1571 

detection of cloud (ice) particles (black: Nice = 0 cm-3, red: Nice > 0 cm-3) and b): all data coloured 1572 

correspondingly to the flight date, c): exclusively for Nice > 0 cm-3; d): when Nice = 0 cm-3. In the 1573 

panels at the bottom (e and f) in-cloud and clear-air measurements are distinguished 1574 

correspondingly to the intermediate panels (c and d) and coloured with reference to carbon 1575 

monoxide (CO) mixing ratios.  1576 

Figure 4: Histograms of the occurrence frequency of number concentrations Nuf of all NPF 1577 

detections (1-Hz resolved) throughout StratoClim 2017. a): all data of Nuf in general (black) and 1578 

separated concerning coincident detection of cloud (ice) particles in the diameter size range 1579 

3 µm < dp < 937 µm (green: Nice = N3-937µm = 0 cm-3, red: Nice > 0 cm-3). Hence, the sum of the green 1580 

and red curve yield the black curve, the vertical bars of which represent the square route of 1581 

count values. b): relative occurrence frequency of Nuf for in-cloud NPF (if detected coincidently 1582 

with Nice > 0 cm-3) normalised with respect to all NPF detections, i.e. the ratio of the absolute 1583 

occurrence frequencies (in red and black, Panel a). c): relative occurrence frequency of Nuf for in-1584 

cloud NPF, if detected coincidently with various Nice levels, which were normalised with respect 1585 

to those NPF detections with Nice > 0 cm-3, (in red, Panel b).  1586 

Figure 5: The total aerosol number concentration versus cloud particle number concentration in 1587 

accordance to de Reus et al. (2009). The total number concentration N10 measured with one of 1588 

four COPAS channels together with coincident detections of Nice (i.e. N3-937µm) by the NIXE-CAPS. 1589 

The data points are averaged over at least 10 s of flight time, and the bars exhibit the standard 1590 

deviation over the averaging periods. The data points are colour-coded in a) with reference to 1591 

IWC. b): NPF encounters (orange) throughout the averaging period (otherwise: grey). The blue-1592 

shaded areas in both panels indicate the range of most of the data points provided by de Reus et 1593 

al. (2009).  1594 

Figure 6: NPF in the IWC - T parameter space (cf. Krämer et al. (2016)): measured ice water 1595 

content (IWC) coincidently detected with COPAS data as a function of ambient air temperature 1596 

throughout StratoClim 2017 (1-Hz resolved) – data points are colour-coded referring to (a) the 1597 
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detected mixing ratios of ultrafine particles, nuf, (b) the total mixing ratio n6 measured with one 1598 

of four COPAS channels and (c) the carbon monoxide (CO) mixing ratio. Note: in (a), the data 1599 

points are grey if data of n6-15 are available, while colours are apportioned only to those nuf (i.e. 1600 

n6-15) complying with the NPF criterion. Generally, the black lines represent the median (solid) 1601 

and the upper-/lowermost bounds (dashed) of the core IWC band, respectively, as obtained from 1602 

earlier measurements at other locations (Krämer et al. (2016)). 1603 

Figure 7: The 1-Hz resolved concentration of in-cloud detected ultrafine aerosol (Nuf) as a 1604 

function of the mean inter-crystal distance, ICD, between encountered cloud (ice) particles 1605 

colour-coded with reference to (a) the number concentration of cloud ice particles, (b) to IWC, 1606 

and (c) to the mean ice particles’ radius.  1607 

Figure 8: The 1-Hz resolved concentration of ultrafine aerosol (Nuf) as a function of the cloud 1608 

(ice) particles’ integral radius, IR = 𝑟ice̅̅ ̅̅  ∙  𝑁ice (with 𝑟ice̅̅ ̅̅ , ice particles’ mean mass radius) colour-1609 

coded in correspondence to detected ice water content (IWC, panel a) and to measured CO 1610 

mixing ratio (b); in the absence of CO values the data points are blackened. The diagonal, grey-1611 

coloured bars indicate a break-off edge along which the NPF seems limited by the IR in general, 1612 

with two exceptional encounters of very recent or just proceeding NPF (see text for details). 1613 

Figure B- 1: Simulated change of the H2SO4 vapour’s saturation ratio as a function of time due to 1614 

the presence of entirely H2SO4 - coated ice particle surfaces of various sizes and number 1615 

concentrations. a): particles with radii rp = 1 µm, b): rp = 10 µm; c): rp = 100 µm. Overall, this 1616 

simulation covers a range of integral radii IR (=  𝑟ice̅̅ ̅̅  ∙  𝑁ice) from 0.01 to 10 µm cm-3. Note: a 1617 

cloud (ice) particle is assumed as coated with H2SO4 (consistent with Bogdan et al. (2006); 1618 

Bogdan et al. (2013)). 1619 
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Table 1: NPF data set of StratoClim 2017, separated by event detection under clear-air (i.e. 1861 
Nice = 0 cm-3) and in-cloud conditions (i.e. Nice > 0 cm-3). Discussed in-cloud NPF events (104 1862 
incidents that comply with introduced NPF criterion, Section 2.2) are partially embedded in 1863 
larger clear-air NPF fields with continuously elevated Nuf. The total number of measurement 1864 
seconds with NPF detections under either of both conditions is scaled to the total data set of the 1865 
CN measurements and the total duration of NPF encounters. The mean horizontal distance is 1866 
calculated from the event duration based on a mean flight speed of the M-55 Geophysica 1867 
(154 ± 39 m s-1, variable flight attitude remains unconsidered) and may be understood as 1868 
equivalent horizontal extension of a NPF event. The total measurement time of in-cloud NPF 1869 
encounters is categorised into vertically stacked bins of 5 K potential temperature.  1870 

NPF condition 
total duration          percentage of mean horizontal  

seconds hh : mm NPF data total dataset distance in km 
clear-air   4866 01 : 21 ~ 51.2 % ~ 5.3 % ~ 750 
in-cloud  4634 01 : 17 ~ 48.8 % ~ 5.0 % ~ 714 
      

in-cloud NPF 
potential 
temperature  

total duration percentage of  
in-cloud NPF  

mean horizontal 
distance in km seconds hh : mm 

355 – 360 K 432 00 : 07 ~ 9.3 % ~ 67 
360 – 365 K 1231 00 : 21 ~ 26.6 % ~ 190 
365 – 370 K 1455 00 : 24 ~ 31.4 % ~ 224 
370 – 375 K 1375 00 : 23 ~ 29.7 % ~ 212 

> 375 K 141 00 : 02 ~ 3 % ~ 22 
 1871 
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