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Abstract. Ice-nucleating particles (INPs) play a crucial role in Earth’s weather and climate by influencing cloud
properties and precipitation. However, their abundance in the free troposphere, vertical distribution, and transport
mechanisms are not well-characterized. This study presents immersion INP measurements from filter samples
collected aboard the High Altitude and LOng range research aircraft (HALO) in the troposphere and the lower
stratosphere (up to 14.5 km) over Europe during the CIRRUS-HL (Cirrus in High Latitudes) campaign in summer
2021. By sampling cloud particle residuals and aerosol particles in the inflow and outflow of deep convective
clouds (DCCs), and performing offline INP analysis, we shed light on the vertical transport and segregation of
INPs in DCCs.

INP-temperature spectra of convective inflow included both INPs active at high (T >−15 °C) and low temper-
atures (T <−20 °C). In contrast the outflow spectra only featured INPs active at low temperatures. We explain
the observed INP segregation in the updraft with precipitation scavenging of INPs active at high temperatures.
INPs active at lower temperatures (T <−20 °C), however, are efficiently transported upwards into the free tro-
posphere. There, ambient temperatures are below−40 °C, i.e., temperatures far below the temperatures at which
these INPs initiate immersion freezing. In the DCC outflow, INP concentrations exceed the upper tropospheric
background concentration by at least two orders of magnitude. These INPs are then available for ice formation
in mid and upper tropospheric clouds.

1 Introduction

Clouds are a key factor in the Earth’s climate system. The
microphysical properties of clouds, such as their phase state,
determine their effects on radiation and the formation of pre-
cipitation (Tan et al., 2016). For instance, liquid clouds typi-
cally consist of numerous small droplets, rendering them op-
tically thick. In contrast, ice clouds often contain fewer large
ice crystals in the same volume and reflect short-wave ra-
diation less effectively (Storelvmo, 2017). Worldwide, pre-

cipitation is predominantly formed in ice-containing clouds
(Mülmenstädt et al., 2015). In cloud droplets which lack ice-
nucleating particles (INPs) as catalyst, ice nucleates at a tem-
perature of around −38 °C. This process is called homoge-
neous freezing. Between 0 and −38 °C, ice crystals form in
the presence of INPs, i.e., through heterogeneous nucleation.
With decreasing temperature, the number of aerosol parti-
cles acting as INP increases exponentially, making them a
key factor determining the phase state of clouds. When ice
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crystals and water droplets coexist, they form mixed-phase
clouds, which cover vast areas of the Earth’s surface (Choi
et al., 2010; Mayer et al., 2024). The dominant freezing
mechanism within mixed-phase clouds is immersion freez-
ing (Ansmann et al., 2009), i.e., heterogeneous freezing of
supercooled droplets induced by immersed INPs.

While many studies examined and characterized INPs at
ground level and inside the atmospheric boundary layer, few
investigated INPs within the free troposphere (FT), extend-
ing from the top of the boundary layer to the tropopause.
Limited measurements conducted on aircraft (Barry et al.,
2021; Levin et al., 2019; Twohy et al., 2021; Moore et al.,
2024) and atop tall mountains (Conen et al., 2022; Brun-
ner et al., 2022) hint at generally lower INP concentrations
in the free troposphere compared to results from ground-
based measurements. Across several campaigns, free tropo-
spheric background concentrations of INPs active at −30 °C
(effective temperature, Teff), have been found to be below
10 sl−1 (standard liter, p = 1013 hPa, T = 0 °C; Lacher et al.,
2018). Recent studies showed higher FT INP concentra-
tions in spring and summer, indicating a seasonal variabil-
ity (Brunner et al., 2022). FT concentrations of INP nucle-
ating ice below Teff =−15 °C were found to increase during
desert dust advection events (Lacher et al., 2018, 2021; Brun-
ner et al., 2022). Above −15 °C, bacteria and fungal spores,
and fragments of those, represent the majority of FT INPs
(Conen et al., 2022). Furthermore, sea salt aerosol particles,
incorporating marine organics, correlate with FT INP con-
centration and have been identified within ice crystal residu-
als (Lacher et al., 2021). In regions with scarce mineral dust,
these marine organics may dominate the FT INP population
active above −20 °C (Vergara-Temprado et al., 2017; Mc-
Cluskey et al., 2023).

Overall, FT INPs originate at ground level, making in-
vestigation of vertical transport mechanisms that lift INPs
from the ground into the FT a crucial task. One such mech-
anism is orographic lifting in mountainous regions, which
can transport INPs upward on a smaller scale (Wieder et al.,
2022). Uplift in deep convective clouds (DCCs) is a pathway
through which large amounts of aerosol particles are trans-
ported from the boundary layer into the upper troposphere
(Yin et al., 2012; Yang et al., 2015). However, the impor-
tance of DCCs as upward transport mechanism for INPs is
currently unclear. Many studies investigated the sensitivity of
DCC characteristics with respect to variations in INP concen-
trations (Hiron and Flossmann, 2015; Gibbons et al., 2018;
Takeishi and Storelvmo, 2018; Diehl and Grützun, 2018;
Hawker et al., 2021b, a). However, the effects of clouds on
INPs, including their upward transport and potential deple-
tion by wet removal in precipitating clouds (Stopelli et al.,
2015; Pouzet et al., 2017; Els et al., 2019), add a currently
not sufficiently understood layer of complexity to the inter-
actions between INPs and clouds (Burrows et al., 2022). This
study aims to elucidate these processes with a novel instru-
ment for aircraft application.

The High Altitude and LOng Range research aircraft
(HALO) serves as an ideal platform for investigating free tro-
pospheric and lower stratospheric INPs, in general, and the
vertical transport and cloud processing of INPs, in particular.
Stationed in Oberpfaffenhofen (Germany) during June/July
2021, the Cirrus in High Latitudes (CIRRUS-HL) campaign
aimed at the investigation of cirrus clouds in high-latitudes
and above central Europe, with both in-situ and remote sens-
ing instruments being operated over the course of 24 research
flights (Jurkat-Witschas et al., 2025). In addition to focusing
on cirrus clouds, the weather conditions during the campaign
allowed for several research flights in and around DCCs.
The effects of vertical transport and cloud processing on
INPs were investigated by probing DCC inflow aerosol par-
ticles, cloud particle residuals (CPR), and upper tropospheric
convective outflow aerosol particles in quick succession. To
quantify the abundance and properties of atmospheric high-
temperature INPs, the high-volume flow aerosol particle fil-
ter sampler (HERA, Grawe et al., 2023) was used for the first
time on HALO during the CIRRUS-HL mission. The col-
lected filters were later analyzed for INP activity. In addition
to aerosol sampling, operating HERA at the counter flow vir-
tual impactor inlet (HALO-CVI) allowed for sampling and
analysis of CPRs, offering additional information on poten-
tial INPs immersed in cloud particles. Such an analysis for
INPs in upper tropospheric CPRs are scarce until now (Cz-
iczo et al., 2004; Eidhammer et al., 2010; Levin et al., 2019;
Moore et al., 2024).

In conjunction with particle sampling by HERA, simulta-
neous measurements of the chemical composition of aerosol
particles and cloud particle residuals by single particle mass
spectrometry and further particle properties, such as num-
ber size distribution (Voigt et al., 2022), were carried out.
These measurements are used to chemically characterize the
prevailing aerosol particles and to identify their potential
sources. It is not possible to draw conclusions concerning
the chemical composition of the INPs present due to their
low number concentration fraction. To the best of our knowl-
edge, the present study represents the first comprehensive ex-
perimental investigation of INP transport and processing in
DCCs. With that, it contributes greatly to our understanding
of INP vertical transport and the influence of in-cloud pro-
cesses on the INP population.

2 Methods

2.1 Aerosol- and cloud particle residual sampling

During the HALO Aircraft campaign CIRRUS-HL (Jurkat-
Witschas et al., 2025), aerosol particles were sampled
through an aerosol inlet. The filter sampler HERA (Grawe
et al., 2023), used for INP sampling, was connected to that
inlet together with two other instruments measuring single-
particle chemical composition (ALABAMA, Brands et al.,
2011; Clemen et al., 2020) and the aerosol particle number
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size distribution, respectively. The latter was carried out us-
ing two optical particle counters (both GRIMM Sky-OPC,
model 1.129; Bundke et al., 2015), one connected to the
aerosol inlet at all times and another switched to the HALO-
CVI (see section below) along with ALABAMA during in-
cloud measurements. The relative humidity in the sampling
line remained below 50 % throughout the flights.

Ground-based measurements of INPs have shown that su-
permicron aerosol particles contribute substantially to INPs
active at temperature above −25 °C (Mason et al., 2016).
The aircraft aerosol inlet is a modified version of the HALO
submicrometer inlet (HASI). It was adapted from a previous
setup featuring multiple sampling lines (Andreae et al., 2018)
to a single sampling line supplying all instruments to facili-
tate sampling of supermicron aerosol particles (Grawe et al.,
2023) with a total flow rate of up to 80 Lmin−1.

Transmission losses were determined using the Particle
Loss Calculator (von der Weiden et al., 2009) and have been
presented for the CIRRUS-HL setup of HERA in Grawe et al.
(2023). In summary, for HERA operating at the HASI inlet
with 40 Lmin−1 sample flow rate, an upper cutoff particle di-
ameter d50 of 2.7 µm was determined assuming spherical par-
ticles with a density of 2 gcm−3 and typical sampling condi-
tions, i.e., an inline pressure of 340 hPa at 200 ms−1 true air
speed. For the ALABAMA, an upper cutoff particle diameter
d50 of 3.1 µm was calculated for operation at the HASI.

In order to investigate CPRs, hydrometeors were collected
by a counter-flow virtual impactor (CVI) (Ogren et al., 1985).
One significant improvement to previous HALO missions
(Voigt et al., 2017) was the mounting position of HALO-CVI
on the lower fuselage. At this position, cloud particle enrich-
ment and shadow effects due to the airplane body are signif-
icantly reduced compared to sampling at the upper fuselage
(Jurkat-Witschas et al., 2025). The size range of cirrus ice
particles, whose CPRs were investigated, was between 5 and
60 µm. The calculated transmission efficiency yielded d50 of
4.7 µm between the inlet and the HALO-CVI flow distribu-
tion in the cabin. The cut-off diameter is further reduced for
instruments, which had rather long sampling lines to the flow
distribution, resulting in d50 of 2.2 µm and 1.6 µm for HERA
(with 5 Lmin−1 sample flow rate) and ALABAMA, respec-
tively. HERA, ALABAMA and one of the Sky-OPCs were
switched from HASI to the HALO-CVI as soon as clouds
were encountered, if not otherwise specified.

2.2 INP sampling

HERA is an aerosol particle filter sampler designed for air-
craft applications including the collection of airborne INPs.
A detailed description and characterization of the instru-
ment is given in Grawe et al. (2023). It features a revolver-
like set of six filter holders, through which the sample flow
is guided by a ball valve. During CIRRUS-HL, electrically
driven valves connected HERA to the sampling line of either
the HASI or the HALO-CVI. The volumetric sample flow

rate of HERA was regulated to 40 Lmin−1 when connected
to the HASI and to 5 L min−1 when connected to the HALO-
CVI.

Aerosol particles were collected through the HASI on 0.8
µm polycarbonate filters (Nuclepore™ Track-Etched Mem-
branes, UK), which are suited for INP sampling at high flow
rates (Grawe et al., 2023; Lacher et al., 2024). For cloud
particle residuals sampled through the HALO-CVI, 0.1 or
0.2 µm filters were used instead. This was done solely to gen-
erate a larger flow resistance, which was mandatory to pre-
cisely adjust low flow rates with the HERA pumps. Previous
studies showed no systematic differences in collected INPs
between 0.1, 0.2 and 0.8 µm pore sizes (Grawe et al., 2023;
Lacher et al., 2024). When no filter was sampled, the sample
flow was either guided through the bypass of HERA or the
valves at the inlet of HERA were closed and the sample flow
was turned off.

The sampling strategy during CIRRUS-HL focused on
capturing differences in INP concentration in contrasting
environments, e.g. stratosphere vs. troposphere, free tropo-
sphere vs. boundary layer, high-latitude upper troposphere
and lower stratosphere (UTLS) vs. mid-latitude UTLS. At
the same time, sampling volume was maximized in order to
collect as many INPs as possible, yielding a representative
dataset that is distinguishable from the method-inherent in-
terference background (Li et al., 2022; Grawe et al., 2023, see
Supplement Sect. S1.2 for details). On each research flight, at
least one of the six filters was reserved as a flight blank, i.e.,
it was treated identically to the sampled filters but without
exposure to a sample flow. These blank samples were used to
determine the INP interference background. All inserted fil-
ters were extracted from HERA immediately after the flight
or early on the following day. During the last five flight days,
i.e., from research flights F18/19 (19 July) to F24 (29 July),
only one filter was sampled per flight and all five (plus one
blank filter) were extracted after the last campaign flight. The
corresponding blank filter showed no sign of contamination.
Filters were extracted in clean conditions in the hangar lab-
oratory adhering to the protocol described by Barry et al.
(2021), stored at −20 °C and shipped to Leipzig for offline
INP analysis.

To support the interpretation of INP on the sampled filters
the cumulative sampled particle fraction is (CSPF) is used
to express the fraction of large aerosol (or cloud-residual)
particles captured on the filter. We set the lower size limit
to 500 nm, motivated by the broad correlation between num-
ber concentrations of particles larger than 500 nm and INP
concentrations reported by DeMott et al. (2010). CSPF was
calculated according to Eq. (1) where ṁ is the HERA sam-
pling mass-flow rate and n500 the number concentration for
particles > 500 nm as measured by one of the optical particle
counters mentioned above (Sect. 2.1).

CSPF=
∑t

t=0n500 · ṁ∑tend
t=0n500 · ṁ

(1)
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2.3 Offline INP analysis

The offline INP analysis of the CIRRUS-HL filters has been
described previously (Grawe et al., 2023). In short, filters
were washed off with 3 mL of ultra-pure water, analyzed
in two different cold stages to cover a broad range of INP
concentrations between −10 and −30 °C. The cold stages
Leipzig Ice Nucleation Array (LINA) and Ice Nucleation
Droplet Array (INDA), have been described in detail in Chen
et al. (2018) and Hartmann et al. (2019). INP concentrations
were calculated from the measured frozen droplet fractions,
using the formulae of Vali (1971) (Eq. S1 in the Supple-
ment). The calculation of confidence bands and the merg-
ing of LINA and INDA results was achieved by Monte-Carlo
simulations according to Vali (2019). In addition, an interfer-
ence background subtraction was applied (see Sect. S1.4 for
more details).

2.4 Single-particle mass spectrometry

The Aircraft-based Laser ABlation Aerosol MAss spectrom-
eter (ALABAMA, Brands et al., 2011; Clemen et al., 2020)
was used to analyze individual particles in the size range
from 230 to 3000 nm (50 % cutoff diameter with respect to
detection efficiency) for their chemical composition and their
vacuum aerodynamic diameter. The laser ablation ionization
method used in the ALABAMA enables the identification of
a wide variety of organic and inorganic substances (including
heat-resistant substances such as metals, minerals and soot),
as well as the internal mixing states of individual particles.
For the analysis, the recorded mass spectra were grouped
into clusters based on similarity, and the ion signals of the
resulting clusters were used to identify particle types (for
further details see: Roth et al., 2016; Schmidt et al., 2017;
Lacher et al., 2021). A total of 10 particle types were iden-
tified during the CIRRUS-HL mission, which make up the
majority of the composition of the aerosol particle and CPR
population, albeit to different degrees. No correction was ap-
plied to the particle type fractions from the ALABAMA with
respect to the size-dependent transmission losses calculated
with the Particle Loss Calculator, since neither information
on the density nor on the shape of the particles was available.
However, a particle with the assumed diameter of 1.6 µm, a
density of 2 g cm−3 and a shape factor of 1 is already at the
upper end of the ALABAMA detection range with a vacuum
aerodynamic diameter of 3.2 µm. An optical particle counter
(GRIMM Sky-OPC, model 1.129), which is permanently in-
tegrated in the ALABAMA rack, records the particle size dis-
tribution above 0.25 µm.

3 Results and discussion

3.1 UTLS background INP concentrations during
CIRRUS-HL

Of a total of 28 aerosol INP samples collected over 15
flight days, a subset of 12 samples meet the following cri-
teria, which we consider representative of the UTLS back-
ground: no extended sampling in clouds (cloud sampling
time < 1.5 % of total sampling time per sample), no sam-
pling in convective outflow regions, and no sampling within
the atmospheric boundary layer. Furthermore, INP samples
collected near warm conveyor belts were excluded using
backward trajectories (De La Torre Castro et al., 2023; see
Sect. S2.1 for further details). Samples collected in biomass
burning aerosol (BBA) plumes were treated as UTLS back-
ground samples, due to their widespread presence in the cen-
tral European UTLS in summer 2021 and the inefficiency
of BBA particles to act as immersion INPs (Jurkat-Witschas
et al., 2025).

A list of all selected UTLS INP samples is given in Ta-
ble S1 in the Supplement. Furthermore, a detailed descrip-
tion of sampling conditions is provided. In short, the com-
bined sampling volume of all UTLS INP background sam-
ples is 20.2 m3 and the sampling altitude ranged between 5
and 15 km at ambient temperatures from 0 to −65 °C (see
Fig. S7). As the campaign’s focus was on cirrus rather than
mixed-phase clouds, 94 % of the air volume was collected
at ambient temperatures below −35 °C (De La Torre Cas-
tro et al., 2023). Consequently, this dataset comprises back-
ground INP concentrations primarily obtained above the
mixed-phase cloud level in terms of altitude.

Combining all UTLS INP concentrations into one dataset
yields temperature-dependent probability density functions
that roughly follow logarithmic normal distributions (see
Sect. S2.2), consistent with Schrod et al. (2020). Weighted
fitting of the dataset’s medians (similar to Li et al., 2022, see
Sect. S2.3 for details) between −15 and −27 °C with an ex-
ponential curve (Eq. 2) yields a parameterization regarding
background concentrations of INPs in the summer European
UTLS, which can be applied in atmospheric models.

NINP = exp(−0.5465°C · T [°C] − 14.6199) (2)

As can be seen in Fig. 1, UTLS INP background con-
centrations encountered during CIRRUS-HL are at the lower
end of typical mid-latitude INP concentrations, which were
determined from precipitation samples (gray area Fig. 1,
Petters and Wright, 2015). Previous measurements of FT
background INP concentrations in mid-latitudes at −30 °C
(Lacher et al., 2018) align with the fit (pink line in Fig.1),
despite their lower sampling altitude.

To characterize the overall UTLS background aerosol par-
ticle population and with that potential sources for INPs, pre-
vailing particle types were analyzed by single-particle mass
spectrometry and are shown in Fig. 2. The UTLS particle
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Figure 1. UTLS background INP concentration of CIRRUS-HL.
Medians are marked with green dots, the inter-quartile range (IQR)
is shown the green shaded area and the gray area marks typical mid-
latitude INP concentrations (Petters and Wright, 2015). The pink
error bar marks free tropospheric concentrations by Lacher et al.
(2018).

population comprised three main groups: 36 % contained
mainly ammonium compounds, potassium compounds, and
organics; 26 % were identified as BBA particles; and 31 %
contained meteoric material. The fraction of the latter gener-
ally increases in the stratosphere with altitude (Murphy et al.,
2014; Schneider et al., 2021). Only 2.4 % of particles were
identified as mineral dust/metal types and merely 0.3 % of
particles are characterized as sea spray type. With this, the
UTLS background is dominated by aged aerosol particles,
which have been emitted directly (primary aerosol particles),
and/or particles formed through gas to particle conversion
(secondary aerosol particles). Unfortunately, the proportion
of INP in the total number of aerosol particles is too low for
establishing a robust link between INPs and specific particle
types.

3.2 Deep convective cloud case study

3.2.1 Flight track

We investigated the influence of DCCs on the distribution
and properties of INPs in the UTLS by analyzing the re-
sults of the measurements carried out during Flight 15 (F15).
Figure 3 shows the HALO flight track of F15, on 13 July
2021. After takeoff in Oberpfaffenhofen, HALO moved NE
and then southward over Austria into Italy. Following a turn
towards SW, HALO descended on its way to Brescia air-
port, where a dive was performed. Shortly after, the plane
moved N and then E, performing a loop within and above

Figure 2. UTLS background particle number type fraction mea-
sured by the ALABAMA (size range from 230 to 3000 nm) during
the HERA sampling times. The naming of the particle types is based
on dominant signals of the the mass spectra.

the anvil cirrus cloud shown as the bright pink area in Fig. 3.
Connected to this cloud, which developed close to Bres-
cia, between 15:45 and 16:45 UTC, 95.6 mm of precipitation
were measured at a meteorological ground station Astico a
Pedescala (Fig. S12), which was located beneath the core
of that DCC. Similar precipitation amounts were measured
at another nearby weather station (Castana CMT). A signif-
icant increase in aerosol particle number concentration was
observed in the cloud-free air close to cloud top and iden-
tified as cloud-free convective outflow (color code between
15:45 and 16:15 UTC in Fig. 3; see Sect. 3.2 for more de-
tails). In the following, HALO again moved N into Germany
where more DCCs were explored in a descending pattern be-
fore landing.

Figure 4a shows the flight track of F15 in terms of pressure
as a cross section through the atmosphere, overlaid on ERA5
reanalysis data (relative humidity in green, cloud cover in
blue/yellow, isotherms as black lines). Note that the interpo-
lation of the hourly ERA5 data onto the flight track is prone
to errors, especially for temporally and spatially confined
features such as DCCs. These errors likely produce artifacts
like the seemingly vertically broken up cloud structure which
do not capture the continuous vertical extent of the developed
DCCs during F15. Above the panel, specific flight sections
are categorized according to the probed air masses. The color
code here and on the flight track in panel a refers to the three
HERA filters (for convenience named red, blue, orange) that
were sampled and that represent (1) the lower troposphere in-
cluding the atmospheric boundary layer (Fig. 4a, red lines),
(2) in-cloud sections, i.e., convective updrafts and anvil cir-
rus (Fig. 4a, dark blue lines), and (3) the DCC-influenced
UTLS (Fig. 4a, orange lines). In other words, we consider
the red filter as representative of aerosol particles and INPs
inside the convective inflow, the blue filter as representative
of CPRs and INPs inside a DCC, and the orange filter as rep-
resentative of aerosol particles and INPs in the DCC-outflow-
influenced UTLS. The corresponding filter sample location
on the flight track is shown in Fig. S11.
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Figure 3. HALO flight track of F15 on the 13 July 2021 during
CIRRUS-HL over Germany, Austria, Switzerland and Italy. The
flight track is shown in red. Between 15:45 and 16:15 UTC (po-
sitions marked with red crosses) aerosol particle concentrations
(n500) are shown color-coded on the flight track, with bright yellow
colors indicating high aerosol particle concentrations. Wind barbs
displayed in this time section indicate wind speed and direction as
measured by HALO research aircraft (half barb mark 5 m s−1, full
barbs 10 m s−1). The background depicts CiPS cloud top height at
16:00 UTC derived from MSG geostationary satellite images. White
areas indicate clear sky conditions. The green and blue stars mark
the precipitation measuring weather stations, Castana CMT and As-
tico a Pedescala, respectively. The flight track is shifted to account
for parallax effect of the satellite viewing angle and is shown as it
is seen from the satellite point of view. Red triangles mark the start
and landing airport Oberpfaffenhofen (EDMO, Germany) and the
dive location in Brescia-Montichiari (LIPO, Italy). MSG satellite
imagery courtesy of EUMETSAT and ESA

3.2.2 Sampling conditions and aerosol properties

In the following, we will outline the atmospheric sampling
conditions and aerosol particle/CPR properties for each filter
on the basis of Fig. 4 before moving on to the discussion of
the respective INP spectra in Sect. 3.2.3. Hereafter, we will

refer to the red filter as “convective inflow”, the blue filter
as “in-cloud sections”, and the orange filter as “convective
outflow”.

Convective inflow

The convective inflow filter was sampled at the HASI inlet
after takeoff and before landing in Oberpfaffenhofen, as well
as during a dive over Brescia airport (red lines in Fig. 4a, i.e.,
in close vicinity of the DCC shown in Fig. 3). Throughout
this dive, 52 % of aerosol particles larger than 500 nm (cu-
mulative sampled particle fraction CSPF, red line in Fig. 4c)
were collected on the filter. Overall, 90 % of aerosol parti-
cles larger than 500 nm were sampled below 4 km, making
the collected aerosol particles on this filter well representa-
tive for the DCC’s inflow as well as particles potentially en-
trained into the DCC in the free troposphere.

During the filter sampling, the ambient temperatures
ranged from −30 °C at the highest altitude (8.2 km, 360 hPa;
see Fig. 4a) to 23 °C at the surface. Moist, warm, and aerosol-
particle-laden air was prevalent in the lower troposphere
between 630 and 950 hPa. Colder air with T < 25 °C was
present between 950 hPa and the surface, likely caused by
low-level outflow of nearby DCCs (see Skew-T diagram,
Fig. S13 in the Supplement).

With the exception of a short in-cloud sampling section di-
rectly after takeoff at 13:08 UTC, the sample was exclusively
collected outside cloud. Operating the HASI inside clouds
might lead to artifacts due to hydrometeors shattering at the
inlet (Weber et al., 1998). As a result, n500 (black dots in
Fig. 4c) and the CSPF (red line in Fig. 4c) might be overesti-
mated to an unknown degree during this short period. Poten-
tial effects on the INP results are discussed in Sect. 3.2.3.

Around 6600 mass spectra were recorded with the AL-
ABAMA during the sampling of the convective inflow fil-
ter. The aerosol particles consisted mainly of ammonium ni-
trate (16 %), ammonium sulfate (24 %), potassium and sul-
fate (19 %) and BBA (19 %, Figs. 4d, S6). Sea salt aerosol
particles and elemental carbon particles were present but in
smaller fractions (4 % and 1 % respectively).

In-cloud sections

The in-cloud filter was sampled at the HALO-CVI in var-
ious parts and stages of DCCs (see flight sections marked
in blue in Fig. 4a). The first sampling section collected 8 %
of the filter’s large CPRs (d > 500 nm, see CSPF in Fig. 4c)
and was sampled in DCC anvil cirrus at temperatures pre-
dominantly between −40 and −50 °C (see black isotherms
in Fig. 4a). The CSPF in the second section was 70 % , sam-
pling strong DCC updrafts over Italy at 260 hPa and −45 °C
ambient temperatures (Fig. 4c). Finally, in the last section,
the CSPF was 22 %, sampling in an aged DCC over Germany
in both anvil cirrus and the mixed-phase regime in a descend-
ing pattern. Here, the ambient temperature ranged from −50
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Figure 4. Multi panel time series (UTC) with a flight cross section of F15 in the top panel (a). The colored lines indicate the flight altitude
and HERA filter position (orange, blue, red). In the background are ERA5 reanalysis vertical cross section along the flight path. Green
contours show relative humidity with respect to liquid water while blue/yellow contours show cloud cover. Isotherms are marked with black
lines. While all data is plotted on pressure levels, the right-hand axis indicates the average altitude of the pressure level on the flight track.
For more precise height information of the flight track, see Fig. S10c. Panel (b) shows ice water content (IWC, blue) calculated from the
Cloud Combination Probe (CCP, De La Torre Castro et al., 2023) and ozone trace gas concentrations (olive green, Zahn et al., 2012). Panel
(c) shows concentration of large aerosol particles. The shaded background area marks filter sampling section analogous to the top panel color
coding. Outside clouds, measurements of aerosol particle concentrations (d > 500 nm, n500) are shown. Inside cloud (blue shaded areas),
CPR concentrations (n500, enrichment factor not accounted for) are shown, measured by the ALABAMA OPC. The colored lines (same
sample color coding) corresponds to the right hand axis and indicate the cumulative sampled particle fraction (CSPF) of n500 for each filter
sample. Panel (d) shows the particle number fraction separated into 10 categories using the dominant mass spectra component as measured
by the ALABAMA. The clamps above mark the simplified HERA sampling sections. White sections indicate either very low number of
detected particles (< 30 min−1) or the ALABAMA not being connected to the same aircraft inlet as HERA.
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to −10 °C. Thus, this sample represents CPRs in DCCs, pre-
dominantly collected in updraft regions at ambient tempera-
tures <−40 °C.

Around 4900 mass spectra were recorded during sampling
of the in-cloud filter. The chemical composition analysis of
the collected CPRs shows that 26 % of the particles consisted
of mineral dust, 7 % of sea spray and 35 % of organic mate-
rial (Figs. 4d, S6). Mineral dust fractions in anvil cirrus are
typically 20 %–30 %, while values are enhanced up to 54 %
within convective core updrafts (see Sect. S4 for more details
on mineral dust composition).

Convective outflow

Aerosol particles were collected in the UTLS between 150
and 350 hPa ambient pressure on the convective outflow fil-
ter. Ambient temperatures spanned −30 to −54 °C, with the
majority of sampling below −40 °C (see two orange flight
sections and black isotherms, Fig. 4a). The filter was sam-
pled almost exclusively outside cloud, except for a short in-
cloud sampling section at 14:54 UTC (see IWC in Fig. 4b).
Since the CSPF during this in-cloud section was only 1 %,
we consider this filter representative for the aerosol particles
in the cloud-free air in the DCC outflow.

During the first sampling period from 14:50 to 15:12 UTC,
the CSPF was 25 % (orange line in Fig. 4c). Trace gas con-
centrations remained on typical upper tropospheric levels
with carbon monoxide concentrations < 100 ppbv, methane
concentrations CH4 < 1.95 ppmv and ozone concentrations
O3 < 150 ppbv (Figs. S10 and 4b), indicating UTLS back-
ground conditions and no recent influence of DCCs. Con-
centrations of aerosol particles larger than 500 nm (n500)
were relatively low (< 1 standard cm−3) compared to the
lower troposphere with n500 of ∼ 2 standard cm−3. Single-
particle mass spectrometry measurements reveal the pres-
ence of BBA particles in the upper troposphere at a particle
number fraction of around 30 % (Fig. 4d).

During the second sampling period from 15:46 to
16:49 UTC, aerosol particles were collected above DCCs in
the stratosphere with CO < 50 ppbv, CH4 < 1.9 ppmv and
O3 > 300 ppbv during most of the time (Figs. S10 and 4b).
For the majority of this sampling period, the stratospheric
aerosol was dominated by particles containing meteoric ma-
terials dissolved in sulfuric acid (Schneider et al., 2021; Mur-
phy et al., 2014; see Fig. 4d).

Remarkably, between 15:55 and 16:10 UTC, the water va-
por mixing ratio increased from background values of 2.5 to
4 ppmv (Fig. S10a), the CO concentration slightly increased
from < 50 ppbv to above 60 ppbv (Fig. S10b), and n500 in-
creased from 0.4 to up to 10 standard cm−3 (Fig. 4c). Varia-
tions in trace gas concentrations are connected to variations
in aerosol particle number concentrations in such a way that
periods of high number concentrations occur contemporane-
ously with the trace gas composition shifted towards more
tropospheric values.

Within this short 15 min period of high aerosol particle
concentrations, the CSPF was 45 % (Fig. 4c). The fractions
of mineral dust and BBA type particles are drastically in-
creased to 20 % and 30 %, respectively (Figs. 4d, S5). A po-
tential pathway for the aerosol particles into the stratosphere
is revealed by Cirrus Properties from SEVIRI (CiPS) cloud
top height satellite products, showing that the aerosol par-
ticles were sampled downwind of a DCC overshooting top
(Fig. 3). This overshooting top reached its maximum alti-
tude (12.9 km) about 30 min prior and about 50 km south
of the flight track. Due to the limited temporal and spatial
resolution of the satellite product, the maximum altitude of
the peak height of the overshooting top is likely underesti-
mated, which explains the difference between flight altitude
of 13.7 and 12.9 km maximum CiPS cloud top height. The
intensity of this DCC is also evident in ground precipitation
measurements reaching precipitation rates of 95.6 mmh−1

(Fig. S12). Altogether, the most obvious explanation for the
high aerosol particle concentrations in the stratosphere be-
tween 15:55 and 16:10 UTC is recent upward transport from
the troposphere via DCCs into the lower stratosphere, where
the aerosol mixed with stratospheric air masses in the con-
vective outflow.

Between 16:15 and 16:45 UTC, again typical UTLS back-
ground conditions predominated during the sampling of
stratospheric aerosol 3 to 4 km above anvil cirrus. In this
30 min time period, the CSPF was 24 %.

3.2.3 INP spectra

Because of the complicated flight trajectory, and as outlined
above, the convective in- and outflow filters contain a modest
contribution from UTLS background aerosol, i.e., retrieved
INP concentrations are somewhat underestimated and can
be regarded as minimum estimates for the in- and outflow
INP concentrations. Because all filter samples in this case
study feature a different degree of “dilution”, i.e., sampling
in the low-INP background regime, a direct quantitative com-
parison of the INP concentrations on the filters is not feasi-
ble. However, we can quasi-quantitatively compare the INP
concentration of the case study filters to the UTLS back-
ground INP concentration. In any case, the shapes of the INP-
temperature spectra can be compared to analyze differences
in the INP characteristics of the case study filter samples.

Convective inflow

Figure 5c shows that the mean INP concentration of the con-
vective inflow filter (red line) exceeds the UTLS INP back-
ground concentration by a factor of 10–50 throughout the
temperature range. As stated above, the INP concentration
of the filter sample should be regarded as a lower estimate,
meaning that the difference between INP concentrations in
the convective inflow and the UTLS background is likely
even larger than shown in Fig. 5c. As stated above, the short
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in-cloud sampling period at the HASI described above likely
artificially increased aerosol particle number concentrations
(see Sect. S3 for more details).

INPs active at high temperatures (Teff >−15 °C) are
present with at least 0.12 sl−1(red line, Fig. 5). Throughout
the investigated temperature range, the lower limit INP con-
centration of the convective inflow filter is in the range of
typical mid-latitude INP concentrations at ground level (Pet-
ters and Wright, 2015).

In-cloud sections

Figure 5a and b show the activated INP fraction, i.e., the INP
concentration normalized by the concentration of aerosol
particles/CPRs larger than 500 nm (n500; e.g., Moore et al.,
2024). This variable, which also links to a commonly used
INP parameterization (DeMott et al., 2010), was chosen for
convenient inter-sample comparison of the INP-temperature
spectra characteristics. It is preferred over the normalization
of INP number to the sampling volume for this case study
due to the limitations listed above.

The activated INP fraction of the in-cloud filter (dark blue
line in Fig. 5a increases by 2 orders of magnitude within the
narrow temperature range of−13.5 and−16.5 °C (blue shad-
ing in Fig. 5a). The activated INP fraction spectrum slope
down to−25 °C is less steep as the INP concentration merely
increases by a factor of 10. Sampling of CPRs within DCCs
during other CIRRUS-HL research flights resulted in acti-
vated INP fraction spectra of similar shape (see light blue
curves, Fig. 5b, shading same as in panel a), i.e., a steep in-
crease between∼−13.5 and∼−16.5 °C with the fraction of
INPs active above −14 °C remaining comparatively small.

Compared to the shape of the activated INP fraction spec-
trum of the convective inflow filter (red line in Fig. 5a, the
in-cloud filter differs significantly, as INPs effective above
−15 °C are present in the convective inflow but barely de-
tected in the CPRs. INPs effective below −20 °C are present
in both, the convective inflow and the in-cloud filter (Fig. 5a).

Convective outflow

The activated INP fraction spectrum of the convective out-
flow filter (orange line in Fig. 5a) exhibits a distinct pattern,
i.e., a steep increase by at least 2 orders of magnitude be-
tween −17 and −19.5 °C (indicated by the orange shading).
Between −20 to −26 °C, the slope is markedly shallower,
increasing only by a factor of 2. This pattern resembles the
activated INP fraction spectrum of the in-cloud filter (blue
line in Fig. 5). However, the temperature range of the steep
increase is shifted towards lower temperatures by 3 to 5 °C
for the convective outflow filter. Compared to the activated
INP fraction spectrum of the convective inflow filter (red
line in Fig. 5a), with its shallow increase over the investi-
gated temperature range, the steep slope and absence of high-

temperature INPs above −17 °C for the convective outflow
filter are remarkable.

Figure 5d shows the derived INP concentration of the
convective outflow filter (orange line) in comparison to the
UTLS background INP concentrations (green line). The con-
centrations of INPs active below −20 °C on the convective
outflow filter exceed UTLS background concentrations by at
least 2 orders of magnitude. It is also worth mentioning that
the convective outflow filter features the highest INP concen-
trations measured throughout the entire CIRRUS-HL cam-
paign, despite the likely underestimation of the actual INP
concentration in the convective outflow regions due to “di-
lution” with UTLS background aerosol. The observed high
INP concentration below −20 °C could indicate a potential
enrichment of low-temperature INPs in DCC outflows. How-
ever, precise quantification is not feasible here, as it would re-
quire more targeted sampling of inflow and outflow of DCCs.

Similarly shaped INP concentration spectra were observed
for other filters collected in the vicinity of DCCs at high alti-
tude during other CIRRUS-HL research flights (light brown
lines in Fig. 5d). Note that these filters were not exclusively
collected in the outflow of DCCs as sampling also occurred
in regions with UTLS background concentrations and in
clouds. In other words, compared to the presented case study,
these samples were collected under less well-defined sam-
pling conditions, likely leading to a smoothing of the INP
concentration spectra. Nonetheless, the similarity in shapes
of the spectra indicate that the case study’s convective out-
flow filter is not an isolated case.

3.2.4 Vertical transport and segregation of INPs in
DCCs

In the following, we propose a mechanism to explain the ob-
served INP characteristics in and around DCCs. We infer that
these characteristics are driven by the interplay between ice
formation, ice growth, and precipitation in the mixed-phase
cloud regime of DCCs, as the range of the steep slope in the
INP spectra, which is located between −15 and −21 °C, co-
incides with typical glaciation temperatures of mixed-phase
clouds (Yuan et al., 2010; Correia et al., 2021; Lawson et al.,
2015; Munawar et al., 2025).

Figure 6 shows a schematic cross section of a DCC. For
the description, we follow two types of INPs, precipitating
(green) and non-precipitating (purple), on their trajectories
through the cloud. In the updraft in the lower part of the
DCC, potential INPs are quickly activated to cloud droplets
and experience supercooling (Yuan et al., 2010; Munawar
et al., 2025). Following the green trajectories, ice crystals
formed through immersion freezing induced by INPs active
at high temperatures (>−20 °C) grow fast via the Wegner-
Bergeron-Findeisen process (WBF) at ambient temperature
spanning around −10 to −20 °C (Korolev and Field, 2008).
These grown ice crystals collect rime due to their increased
surface area and high terminal velocity, which further ac-

https://doi.org/10.5194/acp-26-12505-2026 Atmos. Chem. Phys., 26, 12505–12520, 2026



12514 J. Schaefer et al.: Upward transport and segregation of ice-nucleating particles

Figure 5. Panel (a) shows INP-temperature spectra of flight F15. Red symbols indicate INPs measured in convective inflow, dark blue
symbols show INPs from cloud particle residuals (CPR) sampled within DCCs, and orange symbols show INPs partly sampled in convective
outflow. To allow convenient comparison between aerosol and cloud residual samples, the activated INP fraction (NINP/N500) is shown.
Vertical and horizontal lines mark the 10th to 90th percentiles. Panel (b) shows the activated INP fraction of CPR samples from DCCs during
other flights of the CIRRUS-HL campaign. Panel (c) shows INP concentrations with the convective inflow samples of F15 highlighted. Panel
(d) shows INP concentrations of DCC outflow samples. In panels (a), (c) and (d), orange and blue shaded areas highlight the temperature
range of the steepest slope of the INP spectra in the DCC outflow and in DCC CPR, respectively.

celerates the growth process (Laurencin et al., 2022), mak-
ing them likely to precipitate first from the DCC (DeMott
et al., 1998; Stopelli et al., 2015). Consequently, the high-
temperature INPs, which initiated the first formation of the
ice crystals in the DCC would be efficiently removed from
the updraft via precipitation. Such effective removal of high-
temperature INPs by precipitation has been observed before
(Stopelli et al., 2015; Amato et al., 2015; Pouzet et al., 2017;
Els et al., 2019) and explains their absence in the in-cloud and
convective outflow filter samples (see Fig. 5a). However, this
does not explain why many INPs, initiating freezing at tem-
peratures around −20 °C and below, are present in the out-
flow of DCCs featuring cloud top temperatures of −50 °C.

Following the purple trajectories, low-temperature INPs
initiate freezing further up in the DCC at temperatures be-
low−20 °C. In this temperature range, diffusional ice growth
is slowed down and riming is suppressed (Muhlbauer and
Lohmann, 2009; Xiao et al., 2015; Fan et al., 2017; Lin et al.,
2022). Consequently, precipitation formation is less efficient
and small ice crystals are effectively transported upward to

the anvil and into the outflow (Laurencin et al., 2022), where
they sublimate and the contained INPs are released. From
there, the INPs will/may sediment to lower altitudes, mak-
ing them available for primary ice formation in mid- and up-
per tropospheric clouds. Single particle chemical analysis of
CPRs shows an enhanced particle type fraction of mineral
dust (Fig. 4d). Given that mineral dust particles are very effi-
cient INPs (DeMott et al., 2003) in the relevant temperature
range of this study, they are the most likely candidate for the
observed freezing activity in the in-cloud sample. However,
since total INP concentrations are at least 4 orders of mag-
nitude lower than total CPR number concentrations, the bulk
CPR composition alone is not sufficient to unambiguously
identify the INP subset.

In our case study, the separation between efficient and in-
efficient precipitation scavenging of INP occurred in a nar-
row temperature range between−15 and−21 °C. One possi-
ble explanation for such a narrow temperature range is rapid
glaciation within the DCC updraft, caused by riming and
secondary ice production (SIP). A variety of different SIP
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Figure 6. Schematic drawing illustrating the hypothesized selective vertical INP transport in deep convective clouds. WBF: Wegener-
Bergeron-Findeisen process.

processes have been proposed (Korolev and Leisner, 2020),
e.g., ice-ice collisions and fracturing of supercooled large
droplets during freezing. The latter has been suggested as
a very effective and rapid glaciation process in convective
clouds (Lawson et al., 2017). The DCC studied here likely
had a cloud base temperature of 15 to 20 °C (see Fig. S13 for
more details), providing the required preconditions for the
formation of supercooled large droplets through collisional
coalescence in the form of a sufficiently deep, warm cloud
region. Thus, we consider rapid glaciation of the DCC in the
temperature range between−15 and−21 °C as a likely cause
of the observed segregation between high-temperature, pre-
cipitating INPs and low-temperature, non-precipitating INPs.

The microphysical pathways governing the interaction be-
tween INPs and DCC are inherently complex and remain
incompletely understood, in part because they are poorly
constrained by in-situ observations within active convection
(Lawson et al., 2015; Han et al., 2024). Processes such as SIP,
ice growth, aggregation, and phase partitioning of hydrome-
teors may all contribute to the observed INP characteristics,
yet current knowledge does not allow these mechanisms to be
quantified or disentangled in great detail for this case study.

4 Summary and conclusion

During the CIRRUS-HL campaign, extensive measurements
of aerosol particles, specifically INPs, have been conducted
in the upper troposphere and lower stratosphere (UTLS) and
in and around deep convection. With this, the present study

expands the currently very limited dataset of free tropo-
spheric INP concentrations. To distinguish the effect of deep
convection on UTLS INPs, background INP concentrations
unaffected by deep convection were quantified throughout
the CIRRUS-HL campaign. An exponential curve was fit-
ted to the mean UTLS INP concentrations during CIRRUS-
HL as a function of effective temperature between −15 and
−27 °C with the parameters: a =−0.5465, b =−14.6199
for NINP = exp(a T [°C]+b). Previous measurements of free
tropospheric background INP concentrations in mid-latitudes
at −30 °C align with the fit despite their lower sampling alti-
tude (Lacher et al., 2018).

The effect of deep convection on INPs is showcased uti-
lizing research flight F15, during which INPs were sampled
at different stages of deep convective clouds, i.e., in the con-
vective inflow at low levels, within anvil cirrus, and in the
convective outflow into the UTLS. In essence, our case study
reveals two key findings:

– Deep convective clouds can act as a lifting mechanism
for INPs from the boundary layer into the free tropo-
sphere. Although not shown in this study, these lifted
INPs may influence ice formation in cirrus clouds (Lue-
bke et al., 2016) and, after sedimentation downstream,
in mid-level mixed-phase clouds.

– During convective transport, INPs are segregated ac-
cording to their freezing temperatures, i.e., INPs active
at warmer temperatures appear to be preferentially re-
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moved by precipitation, while colder-temperature INPs
survive transport to the UTLS.

Overall, deep convection may represent an important
transport and transformation pathway of INPs from lower
altitudes to the free troposphere which should be explicitly
resolved or adequately parameterized in atmospheric and cli-
mate models.

Ultimately, our results improve our understanding of cloud
microphysical processes in deep convective clouds, which
are central to extreme weather hazards such as heavy precip-
itation and hail. However, further observational studies span-
ning different regions, seasons, and environmental conditions
are needed to assess whether the inferred behavior of INPs in
convective clouds can be considered universal or generally
valid.

Appendix A: Abbreviations and Acronyms

Deep convective clouds DCC
Ice-nucleating particle INP
free troposphere FT
CIRRUS in High Latitudes (HALO
campaign name)

CIRRUS-
HL

High Altitude and Long Range research
aircraft (research aircraft)

HALO

Cloud particle residuals CPR
High-volume flow aerosol particle filter
sampler (instrument)

HERA

HALO counter flow virtual impactor HALO-
CVI

HALO sub-micrometer aerosol inlet HASI
upper troposphere and lower stratosphere UTLS
Biomass Burning Aerosol BBA
Leipzig ice nucleation array LINA
Ice nucleation droplet array INDA
Aircraft-based laser ablation aerosol
mass spectrometer

ALABAMA
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