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Abstract. Aerosol—cirrus interactions remain a major source of uncertainty in climate models due to the com-
plex interplay of aerosol properties, ice nucleation pathways, and atmospheric conditions. In this study, we
investigate the drivers of observed differences in cirrus microphysical properties between high and mid-latitudes
from the CIRRUS-HL campaign by combining observations with simulations from a global aerosol-climate
model. While mid-latitude cirrus exhibit median ice crystal number concentrations (Njce) one order of magni-
tude higher than those at high latitudes, aerosol concentrations (Nyer) integrated across several sizes ranges are
similar at cirrus altitudes in both regions. By coupling the model output with backward trajectories, we attribute
the differences in Njc. to diverse influences of specific ice-nucleating particle (INP) types with distinct freezing
efficiencies rather than to total aerosol or INP number concentrations. Mineral dust plays a dominant role in
cirrus formation at mid-latitudes, while aviation-emitted black carbon may contribute to high-latitude cirrus as-
suming it acts as an efficient INP. The model reproduces aerosol observations reasonably well but underestimates
Naer, D>500nm at high latitudes near 300 hPa. At mid-latitudes, it overestimates Njc at temperatures above 220 K,
primarily due to an overestimation of the concentration of ice crystals detrained from convective clouds. Incor-
porating a size parametrization for convective ice crystals derived from CIRRUS-HL measurements significantly
reduces this bias, which represents a fundamental improvement to the cloud scheme. These findings highlight
the value of integrating observations with model simulations to interpret field measurements and improve the
representations of cirrus clouds in global models.

ature and relative humidity) and dynamic conditions (updraft

Cirrus clouds play a crucial role in the Earth’s energy bud-
get and climate system. Their net radiative effect depends
on the balance between shortwave and longwave radiation,
which in turn is influenced by factors such as cloud location,
season, solar zenith angle, surface conditions, and, impor-
tantly, cirrus microphysical properties (Zhang et al., 1999;
Stephens, 2005; Wendisch et al., 2007). These properties are
influenced by complex interactions involving aerosol con-
centrations and chemical composition, affected by anthro-
pogenic influences, as well as by thermodynamic (temper-

velocity) (Hendricks et al., 2011; Patnaude and Diao, 2020;
Maciel et al., 2023). Consequently, understanding aerosol—
cirrus interactions is essential for improving climate mod-
els and reducing uncertainties in climate predictions (Forster
et al., 2021).

Aerosols, originating from both natural and anthropogenic
sources, drive the formation of cirrus clouds through two pri-
mary pathways: homogeneous and heterogeneous ice nucle-
ation. Homogeneous nucleation occurs when aqueous solu-
tion aerosol droplets freeze spontaneously at temperatures
below —38°C and high relative humidity over ice (RHjce,
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above 140 %—150 %), producing large ice crystal numbers
(Kércher and Lohmann, 2002b, ¢). On the other hand, het-
erogeneous nucleation involves the presence of insoluble
aerosol particles (or ice-nucleating particles, INPs) that facil-
itate ice crystal formation at higher temperatures and lower
supersaturations, leading to lower ice crystal concentrations
(Kércher and Lohmann, 2003). The interplay between these
nucleation processes and the ambient meteorological condi-
tions ultimately shape the microphysical properties of cir-
rus, influencing their radiative properties and lifetime (Baran,
2004; Patnaude and Diao, 2020; Kéircher et al., 2022).

While heterogeneous nucleation dominates in many re-
gions of the globe and across different altitudes in the up-
per troposphere, especially over the polluted Northern Hemi-
sphere (Cziczo et al., 2013), homogeneous nucleation pri-
marily occurs in the cold upper troposphere under high ice
supersaturation. Homogeneous nucleation is typically re-
lated to high updrafts over mountains, associated with jet
streams, or during winter at high latitudes where INP avail-
ability is limited (Gasparini and Lohmann, 2016). Despite
considerable progress in observational, laboratory, and mod-
elling studies, significant uncertainties remain regarding het-
erogeneous nucleation processes and the concentration and
freezing properties of INPs (Kanji et al., 2017), contributing
largely to the uncertainties in the climate impact contribution
of aerosol—cirrus interactions.

These uncertainties become even more pronounced in re-
mote regions such as the Arctic, where observations on
aerosol type, size, and number, and nucleation pathways are
particularly scarce. However, understanding and accurately
representing aerosol—cloud interactions is particularly criti-
cal in the Arctic to constrain their effects in the phenomenon
of Arctic Amplification (Mauritsen et al., 2011; Schmale
etal., 2021; Moser et al., 2023; Wendisch et al., 2024). In situ
observations have reported distinct differences in cirrus mi-
crophysical properties between high and mid-latitudes (Wolf
et al., 2018; De La Torre Castro et al., 2023). In these studies,
a low availability of INPs at high latitudes was hypothesized
to be the explanation for those differences.

Mineral dust is widely recognized as the most effective
and abundant INP type in the upper troposphere (Moh-
ler et al., 2006; Froyd et al., 2022). However, the role of
aviation-emitted black carbon particles remains under dis-
cussion (Righi et al., 2021; Kércher et al., 2023; GroB et al.,
2023; Righi et al., 2025). Emitted directly at cruise altitudes,
where cirrus often form, black carbon from aviation (also
called soot) particles are particularly abundant in the mid-
latitudes of the Northern Hemisphere and could potentially
influence cirrus properties (Urbanek et al., 2018; Grof3 et al.,
2023). However, recent measurements indicate that aviation
black carbon might nucleate only at relative humidities close
to or above those required for homogeneous freezing (Testa
et al., 2024). Moreover, other aerosol species, such as glassy
organics or crystalline ammonium sulfate, could have a po-
tential effect on cirrus formation at cold temperatures. How-
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ever, most global climate models do not include them due
to significant uncertainties in their freezing potential, arising
from the limited number of observations and studies (Abbatt
et al., 2006; Ladino et al., 2014; Beer et al., 2022).

In this study, we aim to address the open questions raised
in De La Torre Castro et al. (2023) regarding aerosol—cirrus
interactions during the Cirrus in High-Latitudes (CIRRUS-
HL) campaign (Jurkat-Witschas et al., 2025). Specifically,
we investigate to what extent differences in aerosol parti-
cle concentration and composition between high and mid-
latitudes explain the observed variations in ice crystal num-
ber concentrations. To this end, we develop a method-
ology that integrates simulations from the EMAC model
(ECHAM/MESSy Atmospheric Chemistry; Jockel et al.,
2010) coupled with the aerosol microphysics submodel
MADE3 (Modal Aerosol Dynamics model for Europe
adapted for global applications, third generation; Kaiser
et al., 2019) with in situ measurements performed during
CIRRUS-HL. Our approach jointly evaluates aerosol and ice
properties in both high- and mid-latitude regions and pro-
vides a rigorous comparison between observations and spe-
cific simulations during the campaign period. Furthermore,
by combining model data with backward trajectories of sam-
pled air masses, we investigate ice nucleation processes and
assess the potential roles of mineral dust, aviation black car-
bon, and ground-sourced black carbon throughout the cir-
rus lifecycle. Based on this analysis, we identify key drivers
of the observed cirrus properties and implement targeted
changes in the model, leading to an improved representation
of cirrus clouds. Our methodology improves the intercom-
parison between model and observations from the study by
Righi et al. (2020) by applying model data directly extracted
along the flight tracks. The Righi et al. (2020) study evaluated
the EMAC model with the aerosol submodel MADE3 using a
comprehensive ice cloud data set from 18 aircraft campaigns
(Kréamer et al., 2009, 2016) covering the period from 1996
to 2005. In addition, the study included an intercomparison
of the model with observations from the ML-CIRRUS cam-
paign (Voigt et al., 2017).

An earlier version of this work was included in the PhD
thesis by De La Torre Castro (2024). Section 2 provides a
brief overview of the cloud and aerosol in situ measurements
from CIRRUS-HL. Section 3 details the configuration of the
EMAC model with the aerosol submodel MADE3 and the
methodology used in this study. In Sect. 4, we present an
overview of the CIRRUS-HL observations (Sect. 4.1), an
intercomparison between the model and observational data
for ice and aerosol particles (Sect. 4.2), an analysis of nu-
cleation mechanisms and atmospheric processes influencing
cirrus microphysical properties during the CIRRUS-HL cam-
paign (Sect. 4.3), and an additional analysis of the role of
convection in the model estimation of total ice crystal num-
ber concentrations (Sect. 4.4). Finally, Sect. 5 summarizes
the key findings and offers final remarks.
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2 Cirrus and aerosol in situ data: CIRRUS-HL
observations

In this study, we focus on the cirrus and aerosol properties
observed during the CIRRUS-HL campaign in summer 2021
with the High Altitude and LOng range research aircraft
(HALO) (Jurkat-Witschas et al., 2025). The mission included
24 lights under various meteorological conditions, covering a
wide region from mid- to high latitudes over Central Europe,
the North Atlantic, and the Arctic, reaching up to 76° N. The
synoptic situation during the campaign was characterized by
unstable conditions with enhanced moisture (Kriiger et al.,
2022), leading to frequent thunderstorms and hail over West-
ern and Central Europe. While such conditions were present
during the campaign, the flights included in our analysis did
not intentionally penetrate or sample active convective sys-
tems. However, two flights were specifically targeted in con-
vective systems (Kalinka et al., 2023; Jurkat-Witschas et al.,
2025) and were excluded from the main analysis (except in
Sect. 4.4, where the model representation of convection is
discussed). In total, approximately 25 h of in situ ice particle
data and 104 h of in situ aerosol data were collected.

2.1 Cloud particle data

The cloud particle measurements were obtained using the
Cloud Combination Probe (CCP) and the Precipitation Imag-
ing Probe (PIP), mounted on the HALO aircraft. Together,
these instruments provide nominal cloud particle size distri-
butions from 2 to 6400 um. A detailed description and char-
acterization of the instrumentation and data set are available
in De La Torre Castro et al. (2023) and De La Torre Castro
(2024). Further instrumentation of the mission is described
in Jurkat-Witschas et al. (2025).

The Cloud Droplet Probe (CDP), part of the CCP, is a for-
ward scattering probe that sizes and counts particles in the 2—
50 um range based on Mie theory (Lance et al., 2010; Baum-
gardner et al., 2011, 2017; Klingebiel et al., 2015; Weigel
et al., 2016). Based on inter arrival time analysis (Field et al.,
2003, 2006), no evidence of shattering artifacts was identi-
fied in the data, attributed to the aerodynamic tip design of
the instrument arms and the typically low particle concentra-
tion in cirrus (McFarquhar et al., 2007, 2011; Korolev et al.,
2013).

The Cloud Imaging Probe (CIPgs) and PIP are optical ar-
ray probes that record two-dimensional images of particles
by capturing their shadow projections on a laser-illuminated
64-diode array, as the particle passes the sample area of
the instrument (Baumgardner et al., 2001; Weigel et al.,
2016; Voigt et al., 2017). The CIPgs records grayscale im-
ages with four intensity levels, improving the shape analysis,
while the PIP operates in monoscale. To ensure consistency,
a 50 % grayscale threshold was applied to the CIPgs image
data (O’Shea et al., 2019, 2021). The CIPgs covers nominal
particle size ranges from 15 to 960 um with a pixel resolution
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of 15 um, while the PIP detects particles from 100 to 6400 um
with 100 pm pixel resolution. Particle diameters were deter-
mined using the minimum enclosing circle method (Heyms-
field et al., 2002), and the data were evaluated applying the
all-in method (Knollenberg, 1970; Heymsfield and Parrish,
1978). One-pixel images and other artifacts from electronic
noise were identified and excluded from the analysis.

To obtain a complete particle size distribution, data from
the three instruments were combined (CDP: 2-37.5 pm;
CIPgs: 37.5-247.5 um; average CIPgs-PIP: 247.5-637.5 pm;
PIP: 637.5-6400 um; further details can be found in De La
Torre Castro et al., 2023 and Sect. 4.3 of De La Torre Castro,
2024). Particle number concentrations from each three in-
struments were measured at a 1 s time resolution. The key mi-
crophysical cirrus parameters analysed in this study include
ice crystal number concentration (N;c.) and ice water content
(IWCQC), both derived from the combined data set. We calcu-
late the IWC via the mass-dimension relationship m = a - D?
(in cgs units) with coefficients a = 0.00528 and b = 2.1, as
proposed by Heymsfield et al. (2010), and where D repre-
sent the particle diameters measured by the cloud probes.
Nice was calculated directly from the binned particle concen-
trations obtained from the combined distribution. Addition-
ally, we derive mean volume diameters (Djc.) from Eq. 25 in
Schumann et al. (2011). Note that we use here this approach
to better match the model methods, previous publications
showed effective diameters as size representation (e.g., De La
Torre Castro et al., 2023; Jurkat-Witschas et al., 2025). We
estimate an overall counting and sizing uncertainty of 20 %
and 50 %, respectively (De La Torre Castro, 2024). Only
measurements taken at ambient temperatures below — 38 °C
were considered to ensure fully glaciated clouds.

2.2 Aerosol data

The aerosol measurement system utilized by the German
Aerospace Center (DLR) aboard the HALO aircraft is known
as the AMETYST (Aerosol MEasuremenT sYSTem) and
measures aerosol particles up to approximately 3 um. Par-
ticles with diameters larger than 12nm are measured us-
ing a Condensation Particle Counter (CPC; model Grimm
SkyCPC 5.410), while an Optical Particle Counter (OPC;
model SkyOPC 1.129) is employed for larger particle sizes
(250 < D [nm] < 3000) (Minikin et al., 2012; Neumann
et al., 2025). Both instruments were adapted by DLR for air-
craft applications (Voigt et al., 2022; Dischl et al., 2024). The
operation principle is based on the detection of forward scat-
tered light from a laser beam, similar to the principle of for-
ward scattering cloud probes.

The OPC not only provides information on the total num-
ber of sampled particles, but also allows for the derivation of
particle sizes, with particle counts sorted into various size
channels (Walser et al., 2017). However, particles falling
within the CPC size range are not directly detectable. Instead,
the instrument creates a highly supersaturated environment

Atmos. Chem. Phys., 26, 5879-5899, 2026



5882

using the vapor of a working substance, typically butanol, to
activate all particles and grow them to sizes detectable by the
instrument’s optical block (Minikin et al., 2012). A sigmoid
function representing the counting efficiency dependent on
size enables the determination of the cut-off diameter, which
represents the size of particles counted with an efficiency of
at least 50 %. It mainly depends on the temperature differ-
ence between the saturator and condenser, adjustable through
laboratory calibrations accordingly (Walser, 2017). However,
when using an aircraft as measurement platform, the cut-off
diameter is further influenced by losses in the sampling lines
from the inlet to the instrument.

The AMETYST system comprises three CPCs. CPCO and
CPC3 for total aerosol concentrations, with nominal cut-off
diameters of ~7 and ~ 18 nm, respectively. However, the
real cut-off diameter of CPCO increases with decreasing pres-
sure due to inlet losses. Andreae et al. (2018) reported cut-off
diameters of 11.2nm at 500 hPa and 18.5 nm at 150 hPa for
the AMETYST system. The inlet system was improved for
the CIRRUS-HL campaign, and a smaller cut-off diameter
of ~ 12 nm is assumed for these measurements (Wolf, 2023).
Additionally, CPC2 is dedicated to measuring non-volatile
particles larger than approximately 14 nm. Non-volatile par-
ticles can be measured by positioning a thermodenuder up-
stream of the CPC (Fierz et al., 2007). By adjusting the set
temperature to the evaporation temperature of the volatile
material, only non-volatile particles are retained. The upper
diameter limit of the CPC is governed by the inlet charac-
teristics (specifically, the HASI isokinetic inlet), estimated
to fall between 1.5 and 3 um. However, this upper limit is
not particularly relevant for integrated number concentration
measurements as the lower particle size mode dominates, oft-
setting the contribution of larger particles to the total number
concentration.

3 Model description and combination with in situ
observations

3.1 Model description

The simulations for this study have been performed with the
global climate model EMAC. EMAC is a global numeri-
cal chemistry and climate simulation system and includes
various submodels that describe tropospheric and middle-
atmosphere processes. It uses the second version of MESSy
to connect multi-institutional computer codes. The core at-
mospheric model is the ECHAMS (fifth-generation Euro-
pean Centre Hamburg) general circulation model (Roeckner
et al., 2006). In this study we apply EMAC (ECHAMS ver-
sion 5.3.02, MESSy version 2.54) in the T42L.41DLR config-
uration with spherical truncation of T42 (corresponding to a
horizontal resolution of about 2.8° x 2.8° in latitude and lon-
gitude) and 41 non-equidistant vertical layers from the sur-
face to 10hPa. The simulated time period analysed in this
study covers the duration of the CIRRUS-HL campaign tak-
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ing place in June and July 2021. The model time step of the
simulation has a length of 15 min and we use a time interval
of 1h for the output of model data along backward trajecto-
ries. The simulations have been performed in nudged mode,
i.e. the model meteorology (temperature, winds and loga-
rithm of the surface pressure) is relaxed towards ECMWF
reanalysis data (ERA-Interim; Dee et al., 2011) for the sim-
ulated time period.

The aerosol microphysics are simulated using the sub-
model MADE3 that considers different aerosol species
in nine log-normal modes representing different particle
sizes and mixing states. Each of the MADE3 Aitken-,
accumulation-, and coarse-mode size ranges includes three
modes for different particle mixing states: particles fully
composed of water-soluble components, particles mainly
composed of insoluble material (i.e. insoluble particles with
only very thin coatings of soluble material), and mixed par-
ticles (i.e. soluble material with inclusions of insoluble par-
ticles). A detailed description of MADE3 and its application
and evaluation as part of EMAC are presented in Kaiser et al.
(2014, 2019).

In this study, EMAC is employed in a coupled configu-
ration featuring a two-moment cloud microphysical scheme
based on Kuebbeler et al. (2014), which parametrizes
aerosol-driven ice formation in cirrus clouds following
Kiércher et al. (2006). The Kércher et al. (2006) scheme con-
siders different ice formation mechanisms that compete for
the available supersaturated water vapour, i.e. homogeneous
freezing of solution droplets, deposition and immersion nu-
cleation induced by INPs, and the growth of preexisting ice
crystals. For simplicity the scheme does not represent the en-
tire freezing spectrum (from the freezing onset to the homo-
geneous freezing threshold) but instead considers one single
point in the spectrum, e.g. corresponding to the freezing on-
set. We note that the model simulate secondary ice produc-
tion (SIP), i.e. the Hallet-Mossop mechanism (rime splin-
tering) is parametrized according to Levkov et al. (1995).
However, uncertainties remain as other types of ice multipli-
cation processes are missing in the model parametrization,
e.g. droplet shattering and ice-ice collisional breakup, which
should be explored in future studies.

The ice-nucleating properties of INPs in each of the het-
erogeneous freezing modes are represented by two param-
eters, i.e. the active fraction (ficr) of INPs representing the
portion of aerosol particles that lead to the formation of ice
crystals, and the critical supersaturation ratio with respect
to ice (S¢), at which the freezing process is initiated. In the
model simulation performed in this study we consider het-
erogeneous ice nucleation on mineral dust (DU) via both
deposition and immersion freezing, and on aviation black
carbon (BCav) and black carbon from surface sources (BC)
via deposition freezing. The ice-nucleating properties of the
different INPs are summarized in Table 1. The vertical ve-
locities driving the freezing processes are parameterized to
account for subgrid-scale variabilities of updraft velocities,
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Table 1. Freezing properties of ice-nucleating particles (INPs) in the cirrus regime assumed in this study, i.e. critical supersaturation S¢
and activated fraction fyct at the freezing onset. S; is the supersaturation with respect to ice. In addition to fact values representative of the
freezing onset, fact values at about S = 1.4 are used for the analysis in Fig. 6.

Freezing mode Sec fact at onset S¢ fact at S; = 1.4  Reference

DU deposition 7 <220K 1.10 exp[2(S; — Se)] — 1 0.822  Mohler et al. (2006)
T >220K 120 exp[0.5(S; — Sc)] — 1 0.105

BC aviation 1.20*  0.001 0.01 Righi et al. (2021)

DU immersion 1.35 0.01 0.1 Kulkarni et al. (2014)

BC 1.40 0.0025 0.0025 Righi et al. (2021)

* This is an assumption of efficient ice formation by aviation soot (see the text).

which cannot be resolved with the coarse model resolution.
As described in Righi et al. (2020), the total updraft speed is
represented as the sum of the large-scale vertical velocity, a
turbulent component which is proportional to the square root
of the turbulent kinetic energy (TKE; Kircher and Lohmann,
2002a), and an additional term accounting for orographic
gravity waves calculated by the orographic gravity wave sub-
model (OROGW) in EMAC, based on the parameterization
by Joos et al. (2008). Further details on the aerosol-cloud
coupling are described in Righi et al. (2020, 2021) and Beer
et al. (2022).

The EMAC setup applied here is in large parts based on the
setup described in Beer et al. (2024). The model simulation
is driven by the anthropogenic and open-burning emission
data sets developed in support of the CMIP6 project (Gidden
et al., 2019; Feng et al., 2020). Emissions for the year 2021
follow the SSP3-7.0 scenario, projecting a radiative forcing
of 7.0 Wm™2 in the year 2100 (O’Neill et al., 2017; Fujimori
et al., 2017).

Note that in this study, BCav particles are assumed to act
as efficient INPs with S = 1.2 (see Table 1). However, a re-
cent laboratory study by Testa et al. (2024) analysed black
carbon emitted from commercial aircraft engines and deter-
mined that BCav has potentially a low ice nucleation ef-
ficiency. This suggests that the assumed S; value is likely
an overestimation. Variations in the ice nucleation ability
of BCav not only affect the number concentration of newly
formed ice crystals and the frequency of BCav-induced nu-
cleation events, but also influence heterogeneous freezing on
DU and BC, as well as homogeneous nucleation, due to the
competition for available water vapor. The decision to assign
a high S, value to BCav was made to simplify the interpreta-
tion of the results, making their effect more prominent, and
to assess an upper limit for identifying and discussing its po-
tential impact on cirrus formation. For more details about the
uncertainty related to this assumption see Righi et al. (2021).
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3.2 Methodology to enable comparison between
observational and model data

In order to ensure the comparability with the aircraft mea-
surements, we use the diagnostic submodel S4D (Sampling
in 4 Dimensions; Jockel et al., 2010) of EMAC to extract
model output along the aircraft trajectories of the flights con-
ducted during the CIRRUS-HL campaign at every model
time step (i.e., every 15 min). To match the model time step,
we also average the observed aerosol and ice cloud proper-
ties over 15 min (an overview of the data before averaging
is provided in Sect. 4.1). This averaging interval also pro-
vides a spatial scale comparable to the model grid resolution
of 2.8° x 2.8°, as an average cruise speed of 250 km results
in a flight distance of 225 km in 15 min. To improve statisti-
cal robustness and account for flight path variations not cap-
tured by the model time resolution (e.g., short-term climbs or
descents followed by further altitude changes, see Fig. 1 in
Jurkat-Witschas et al., 2025), we include model output from
=+ 1 pressure level around the flight path pressure level. In
addition, the same ice crystal size range is applied to both
observations and model simulations, defined between 3 and
200 um. The results obtained using this methodology are pre-
sented in Sect. 4.2.

Using the new high-volume flow aerosol particle filter
sampler (HERA), integrated into the HALO aircraft to sam-
ple INPs (Grawe et al., 2023), we gained insights into INP
number and type in the mixed-phase temperature regime.
However, these in situ measurements were not suitable for
the cirrus regime. Similar to other state-of-the-art INP sam-
plers, HERA faces limitations in providing reliable measure-
ments below —30 °C and does not reach the colder temper-
atures typically observed in cirrus (< —38 °C). Moreover,
for this specific investigation, sampling at low temperatures
alone is insufficient, as the focus is on characterizing the in-
fluence of INPs along the backward trajectories of the air
masses. Therefore, Lagrangian sampling of INPs and clouds
would be required to track cloud evolution over time with
in situ measurements which represents a technical and oper-
ational challenge.

Due to these limitations, we use model data to analyse
aerosol effects on cirrus formation and microphysical prop-
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Figure 1. Vertical profiles of background aerosol concentrations at high (HL) and mid-latitudes (ML) during CIRRUS-HL for different size
ranges: (a) diameters > 12 nm measured with the CPCs, (b) diameters > 14 nm of non-volatile particle matter (nvPM) measured with the
CPCs with thermodenuder, and (c) diameters > 500 nm measured with the OPCs. Median profiles are indicated with solid lines, the areas
between the 25th and 75th percentiles are filled and indicated within dashed lines. (d) Number of observations per pressure bin of 40 hPa

each.

erties observed during CIRRUS-HL. By using global sim-
ulations of INP concentrations and newly formed ice crys-
tals, we can obtain data across different latitudes, longitudes,
pressure levels, and times (considering the respective resolu-
tion in the model) and combine this information with back-
ward trajectories of the sampled air masses (the results are
shown in Sect. 4.3). For this analysis, we use the same model
configuration as in the S4D simulations described above, but
without applying the S4D submodel and with an output in-
terval of 1h to align with the time resolution of the back-
ward trajectory data. 10d backward trajectories were cal-
culated from the flight tracks using the Lagrangian analy-
sis tool LAGRANTO (Wernli and Davies, 1997; Sprenger
and Wernli, 2015) and European Centre for Medium-Range
Weather Forecasts (ECMWF) analyses. Cirrus trajectories
were considered from their formation point onward, which
was determined as the last time step before IWC = 0 when
tracing the trajectory backward. They were classified as “lig-
uid origin” if liquid water was present along the trajectory
(LWC > 0) and as “in situ origin” otherwise, based on the
ECMWEF reanalysis data (Wernli et al., 2016; Luebke et al.,
2016; Kramer et al., 2016; De La Torre Castro et al., 2023).

4 Results

4.1 Overview of aerosol and ice particle observations
during CIRRUS-HL

In this section, we present 1 Hz aerosol and cirrus particle
measurements performed during the CIRRUS-HL campaign
to analyse their properties at high and mid-latitudes. This
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overview also serves as a detailed reference for the subse-
quent analysis and evaluation with the model data described
in Sect. 3. Figure 1 displays vertical profiles of three in-
tegrated aerosol particle size modes, while Fig. 2 presents
cirrus microphysical properties as a function of the ambi-
ent pressure. The aerosol measurements for particles with
D > 12 nm obtained from the CPCs consist of 375352 1 Hz
samples, and measurements from the OPC total 431907
samples. Cirrus measurements, constrained by the temper-
ature threshold of —38°C, include 77087 samples. Both
aerosol and cirrus particle data are grouped into mid-latitudes
(ML) and high latitudes (HL), using the threshold of 60° N,
as previously applied in De La Torre Castro et al. (2023).
High-latitude measurements were less frequent, accounting
for 28 % of all aerosol samples and 36 % of cirrus particle
data, respectively.

Given that the primary objective of the campaign was
to investigate cirrus clouds, most aerosol measurements in
Fig. 1 were performed in the upper troposphere, at altitudes
above the 400 hPa pressure level. At lower altitudes, partic-
ularly at high latitudes, the median values show less robust
results due to limited data availability. At low pressure lev-
els below 500 hPa, the integrated aerosol concentrations for
the three size modes do not differ much between high and
mid-latitudes. However, a consistent trend emerges at pres-
sure levels above 500 hPa: aerosol concentrations across all
three size modes are higher at mid-latitudes than at high lati-
tudes.

The mid-latitude profile of the aerosol concentration of
particles with D > 12 nm (N, D > 12 nm) aligns with pre-
vious studies during the spring and summer seasons, when

https://doi.org/10.5194/acp-26-5879-2026



E. De La Torre Castro et al.: A combined approach to aerosol-cirrus interactions

5885

(a) (b)
1751 . 1

200+

2254

Pressure [hPa]
N N
~ u
w o
f 7

w

o

S
T

w

N

3]
L

350+

10-5 10~ 10°' 10' 10! 102
Nice [cm™3] Dice [Hm]

10% 1075

103 107! 75 100 125 150 10210310
IWC [g m~3] RHice [%] Counts

Figure 2. Vertical pressure profiles of cirrus microphysical properties and in-cloud relative humidity over ice (RHjce) at high and mid-
latitudes during CIRRUS-HL: (a) ice particle number concentration (Njce), (b) ice water content (IWC), (¢) mean volume diameter (Djce),
and (d) in-cloud RH;. Median profiles are indicated with solid lines, the areas between the 25th and 75th percentiles are shaded and
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wildfire activity is typically higher (Norgren et al., 2024).
Our aerosol observations at high latitudes are in good agree-
ment with the measurements from Norgren et al. (2024) con-
ducted near Kiruna, Sweden. In addition, our results are also
consistent with the tropospheric profiles from the INCA cam-
paign in the Northern Hemisphere (Minikin et al., 2003) and
the LACE 98 campaign (Petzold et al., 2002). In contrast to
our study, Borrmann et al. (2010) reported lower aerosol con-
centrations in the tropical upper troposphere. Vertical profiles
from Brock et al. (2021) in the remote upper troposphere
show an order of magnitude higher accumulation mode parti-
cle concentrations compared to our measurements. This dif-
ference can be attributed to their lower cut-off diameter of
80 nm for the accumulation mode particles, which results in
higher reported concentrations.

Statistically, cirrus clouds at mid-latitudes were observed
at higher altitudes than those at high latitudes, as shown
in Fig. 2e. However, the altitudes observed relative to the
tropopause were similar for both latitude ranges. This re-
sult is expected, since the tropopause is generally higher at
mid-latitudes than at high latitudes (Dessler, 2009). In fact,
the altitudes observed relative to the tropopause were similar
for both latitude regions. At pressure levels below 225 hPa,
high-latitude data is sparse, requiring careful interpretation
of the median values of cirrus properties. Given the lower
tropopause heights at high latitudes, this range corresponds
to the lower and drier stratosphere, where cirrus are rare.

Figure 2a shows that mid-latitude (ML) cirrus contain ap-
proximately one order of magnitude more ice crystals than
high-latitude (HL) cirrus (De La Torre Castro et al., 2023)
along the whole pressure profile. The ice water content is
slightly higher in ML cirrus at lower altitudes, but overall the
difference in IWC between high and mid-latitudes is not pro-
nounced. This is because the higher number concentration at
mid-latitudes is compensated by the presence of fewer but
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larger ice particles at high latitudes, as shown in Fig. 2b,
leading to similar IWC (De La Torre Castro et al., 2023;
Jurkat-Witschas et al., 2025). RHje is generally higher by
9 % in median in HL cirrus than in ML cirrus across all pres-
sure levels. Gierens et al. (2020) observed an increase in the
frequency of ice supersaturation with latitude in the Arctic,
while Dekoutsidis et al. (2024) linked high Arctic supersat-
urations to warm air intrusions. In addition, a relaxation of
the relative humidity towards saturation values is observed in
ML cirrus at the highest measured altitudes, which is likely
influenced by contrail and contrail cirrus (Kaufmann et al.,
2014; Schumann et al., 2015).

The central finding of this section is that the difference
in aerosol concentrations between high and mid-latitudes
does not directly correspond to the observed difference in ice
crystal number concentration. While the difference in me-
dian aerosol concentrations varies by factors of 2 to 4 at the
lower altitudes and converges at higher altitudes, ice crystal
number concentrations in cirrus differ by an order of mag-
nitude between high and mid-latitudes. That being said, it
is important to note that INPs represent only a small frac-
tion of total aerosol number concentration. Previous stud-
ies have used the number of aerosol particles with diame-
ters larger than 500 nm (Nger, D > 500nm) as a proxy for
INP concentrations in the cirrus temperature regime (DeMott
et al., 2010; Patnaude and Diao, 2020; Ngo et al., 2025). The
median Nyer, D > 500nm in our measurements is generally
below 0.5cm™ at cirrus altitudes, which represents an up-
per bound of the ice crystal number concentration (assum-
ing heterogeneous nucleation). Considering the full particle
size distribution measured by the OPC, the vertical profile
of Nyer, D >250nm shows a similar pattern to that of Ny,
D > 500nm, with no clear differences between high- and
mid-latitude in the upper troposphere and with a maximum
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median difference of a factor of 3 at altitudes close to the
ground (see Fig. S1 in the Supplement).

Based on these observations, we conclude the following:
while liquid origin cirrus clouds form at lower altitudes,
where aerosol (and potentially INP) concentrations differ
more distinctly between high and mid-latitudes, this alone
cannot account for the factor of 10 difference in ice crys-
tal numbers. The substantial difference in ice crystal num-
ber concentration between high and mid-latitude is probably
not driven by the total number of INPs available at the mea-
surement location. Therefore, we investigate in Sect. 4.3 the
properties and distribution of available INP types for each
latitude region along backward trajectories and the number
concentrations of ice crystals formed from these mechanisms
relying on simulations from EMAC.

4.2 Observations and model intercomparison

This section presents the results from the direct compari-
son of in situ measurements of ice particles and aerosols
from the CIRRUS-HL campaign with EMAC S4D diagnos-
tic output along the flight tracks, as described in Sect. 3.2.
This study primarily serves as a descriptive and qualita-
tive intercomparison between in situ observations and the
EMAC model rather than a comprehensive evaluation of
model performance. A more thorough assessment would re-
quire additional measurements across different regions and
seasons. However, the CIRRUS-HL campaign covered a di-
verse range of meteorological conditions, including remote
areas and regions influenced by significant anthropogenic
emissions from ground sources and aviation, providing a
comprehensive data set for comparison. In addition, the fol-
lowing analyses provide valuable context for the analysis in
Sect. 4.3, where aerosol—cirrus interactions observed during
the CIRRUS-HL campaign are further discussed using model
data.

Performing a direct, one-to-one comparison between ob-
servations and model output is challenging mainly due to dif-
ferences in spatial resolution and an inherent sampling bias
in the observations. As explained in Sect. 3.2, to enhance
comparability with the model grid-box averages, the observa-
tional data were averaged over the model’s 15 min time reso-
lution. Additionally, only ice crystals with diameters smaller
than 200 um are considered in the calculation of cirrus mi-
crophysical properties to ensure consistency with the model,
where ice crystals larger than 200 um are transferred to snow
crystals, which are assumed to be removed within one model
time step by precipitation (Righi et al., 2020). This thresh-
old, while necessary to avoid model instabilities which may
arise due to a too-fast sedimentation of large ice crystals
(Kuebbeler et al., 2014), introduces an additional uncertainty
which should be explored in future studies.

The analysis in Fig. 3 is constrained to higher altitudes
(above the 400hPa pressure level), where data density is
highest (as shown in Fig. 1), allowing for the application of
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15 min averages. In Fig. 3, darker colors represent profiles
from the observations, while lighter colors indicate the model
output. Overall, the model mostly shows reasonable agree-
ment with the observations for both size ranges and latitude
groups. The cut-off diameter of 12 nm in the model was se-
lected to match the estimated cut-off from the measurements.
Variations in the cut-off diameter of &+ 2 nm result in maxi-
mum differences of = 10 % in Nyer, p>12+2nm in the model.
A particularly good alignment is observed in Naer, p=12nm at
both mid- and high latitudes. However, the model exhibits a
modest underestimation for D > 500 nm at high latitudes be-
tween 350 and 200 hPa, with a maximum discrepancy of half
an order of magnitude at 300 hPa.

The magnitude of these differences across the pressure
range is examined in more detail in Fig. 4a and b, where
it is represented as the order of magnitude of the ratio be-
tween observed and modelled medians for mid- and high lat-
itudes in both size ranges. The vertical range in Fig. 4 is ex-
tended down to < 500 hPa to illustrate the trend at lower al-
titudes. Additionally, Fig. 4c compares temperature profiles
from both observations and the model, showing a reasonable
alignment.

Further examining the trend in Nyer, p>12nm the difference
between observed and modelled values varies with altitude.
At the highest altitudes, the model slightly overestimates
aerosol concentrations, followed by close agreement in the
upper troposphere and increasing discrepancies at lower al-
titudes. The model’s overestimation at high altitudes might
result from an overestimation of the upward transport of par-
ticles or of the particle nucleation rate (Kaiser et al., 2019).
An underestimation of smaller particles in the lower tropo-
sphere has been reported in previous studies (Kaiser et al.,
2019), likely due to an underrepresentation of natural aerosol
sources and new particle formation from precursor gases in
the model. Near the surface (not shown here), the difference
becomes more pronounced at mid-latitudes, which could be
attributed to a higher density of emission sources compared
to high latitudes, which are not fully represented in the emis-
sions data set.

Ice cloud properties from observations and model as a
function of temperature are compared in Fig. 5. The over-
all medians (Fig. 5a, d, and g) are dominated by mid-latitude
data points due to lower data coverage at high latitudes. At
high latitudes, there is more variability and fewer data points
in both observations and the model, leading to higher uncer-
tainty. However, a general alignment between model and ob-
servations is observed in the three cloud properties, indicat-
ing lower ice crystal number concentration, lower ice water
content, and higher relative humidity over ice at high lati-
tudes compared to mid-latitudes. Model climatological aver-
ages of these properties for June and July over the period
2014-2021 confirm this trend (see Fig. S2 in the Supple-
ment) and also serve as reference to contextualize the specific
CIRRUS-HL episode. However, both model outputs should
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not be directly compared due to the different methodological
approaches applied.

In general, the observed ice properties at mid-latitudes
in the cold regime (<220K) are mostly well captured in
the model. At the lowest temperature of the measurements
(A~ 212 K), the model predicts Njce and RH;c. comparable to
the observations but, as at warmer temperatures, it system-
atically overestimates IWC. The improvement in the agree-
ment of Njc. is explained by the steep decrease in Djce in
the observations, which converges to the model values (see
Fig. S3 in the Supplement). High Njc. and low Djce at mid-
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latitudes for this temperature regime in the observations are
potentially connected to contrail formation dominating the
15 min averages. De La Torre Castro et al. (2023) indicated
that identifiable aged contrails and contrail cirrus appeared in
the dataset as outliers, but their influence was likely greater
than assumed, since the conservative selection criteria only
accounted for cases clearly distinguishable from natural cir-
rus and the significant overlap in their microphysical prop-
erties made further separation difficult. However, this mech-
anism is not represented in the EMAC simulations, as the
current microphysical scheme does not incorporate the phys-
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Figure 5. Comparison of temperature profiles of microphysical properties of ice clouds between the observations (black) and the EMAC
model (red) during the CIRRUS-HL campaign: (a), (b), and (c) ice crystal number concentration (Njce); (d), (e), and (f) ice water content
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panels due to insufficient statistics in those temperature bins.

ical processes associated with contrail ice nucleation. As a
result, the comparability between model and observations in
this temperature range is inherently limited.

For warmer cirrus (T > 220K), the model consistently
overestimates both Nj.. and IWC, and underestimates Djce
(see comparison of Djce in Fig. S3 in the Supplement). This
discrepancy is particularly evident in Njce, where the model
exceeds observations by one to two orders of magnitude. A
similar bias in this temperature range has been reported in
previous studies, potentially linked to an underestimation of
ice crystal sizes in the model, which translates into artifi-
cially high number concentrations (Bacer et al., 2018; Righi
et al., 2020). Specifically, Righi et al. (2020) observed this
bias when comparing model results with climatology data
sets from Kriamer et al. (2009) and Kramer et al. (2016),
and with the observations from the ML-CIRRUS campaign
(Voigt et al., 2017). Figure S3 in the Supplement compares
the ML-CIRRUS and CIRRUS-HL median number concen-
trations from both observations and model output from cli-
matological averages over the corresponding periods, reveal-
ing similar profiles between campaigns.

It is important to note that we compare the model output
from ML-CIRRUS (Righi et al., 2020) only with the corre-
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sponding climatological average for CIRRUS-HL, and not
with the S4D model output used in this study. As in Righi
et al. (2020), the climatological model data were averaged
vertically and horizontally over the relevant campaign re-
gion, potentially leading to a smoothing effect on the me-
dians, whereas the S4D output along the flight tracks al-
lows for a more direct one-to-one comparison with the ob-
servations. It should also be noted that these campaigns oc-
curred under different meteorological conditions and sea-
sons. The CIRRUS-HL campaign meteorology was influ-
enced by strong convective activity during summer (Kalinka
etal., 2023; Jurkat-Witschas et al., 2025). Previous studies by
Gasparini et al. (2018); Muench and Lohmann (2020) have
reported an overestimation of ice crystal number concentra-
tion in the ECHAM-HAM model compared to observations,
particularly for ice crystals detrained from convective events.
This overestimation may be due to inadequately represented
microphysical processes, such as collision-coalescence, ag-
gregation, or sedimentation, which reduce ice crystal number
concentrations while increasing particle size during convec-
tive outflow (Jensen et al., 2009). We analyse the influence
of detrainment from convection on the Njc in Sect. 4.4 in
more detail. In addition to the microphysical cirrus proper-
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ties shown in Fig. 5, we also compare the updraft velocities
between the model and the observations in Fig. S3 in the Sup-
plement, showing, in general, a good agreement.

Secondary ice production (SIP) has been shown to sub-
stantially increase ice crystal number concentrations not only
in mixed-phase clouds but also in convective outflows feed-
ing cirrus anvils (e.g., Hallett and Mossop, 1974; Field et al.,
2016; Korolev et al., 2022). As explained in Sect. 3.1, the
EMAC model represents some SIP mechanisms, subject to
certain limitations. However, we did not perform a dedicated
analysis of SIP effects in our observations. While we ac-
knowledge a potential influence on cirrus formed from con-
vective detrainment, the events with high particle concentra-
tions analysed in this study were mostly associated with ob-
servations of aged contrails and contrail cirrus.

4.3 Aerosol—cirrus interaction

De La Torre Castro et al. (2023) showed that high-latitude
cirrus exhibit on average lower number concentrations but
larger ice crystal sizes compared to mid-latitude cirrus, along
with higher supersaturation. Here, we investigate whether
these differences in cirrus microphysical properties could re-
sult from a reduced availability of INPs at higher latitudes. To
gain further insights into the life cycle of the observed cirrus
and their interaction with aerosol, we use global simulations
of INP concentrations from the EMAC model (with hourly
output), as described in Sect. 3.2, after having validated in
Sect. 4.2 the model’s ability to reproduce the CIRRUS-HL
observations with reasonable accuracy. We focus on hetero-
geneous nucleation processes as the main driver of the ob-
served cirrus properties, because the analysis of both mea-
sured vertical updrafts and derived vertical updrafts along the
backward trajectories (interpolated from ERAS5) indicated a
negligible influence of homogeneous nucleation in our data
set. The hourly model output along the backward trajecto-
ries further confirms that only a few homogeneous nucleation
events occurred in the analysed time period in the model (see
Fig. S5 in the Supplement).

Figure 6 illustrates the methodology for determining INP
concentrations (DU, BCav, and BC) and newly formed ice
crystal concentrations (N;pu, NjBcayv» and Njpc) along
backward trajectories for two cirrus types: M-M (formed and
measured at mid-latitudes) and H-H (formed and measured
at high latitudes). De La Torre Castro et al. (2023) found that
high-latitude cirrus could be divided into two groups depend-
ing on their latitude at formation. When air masses originated
from mid-latitudes, the resulting cirrus at high latitudes (M-
H) exhibited higher number concentrations and smaller ice
crystals. Given that we aim to explore influences along the
cirrus life cycle, we further distinguish cirrus by their lati-
tude of origin and, for simplicity, consider only “pure” mid-
latitude or high-latitude cirrus (M-M and H-H).

In Fig. 6b, d and f, we present absolute frequency distribu-
tions of all INP-induced nucleation events occurring at each
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model time step (every hour) along the backward trajectories
of M-M (orange) and H-H (blue) cirrus. The absolute fre-
quency values serve as a reference for comparison, as they
depend on the time step (shorter intervals result in higher
frequencies) and the length of the trajectories. M-M and H-H
cirrus have similar median lifetimes of approximately 16 and
22 h, respectively.

Examining the frequency of events for each INP type,
it becomes evident that ice crystals predominantly form on
mineral dust particles due to their strong freezing potential
and higher concentration at lower latitudes (Mohler et al.,
2006; Froyd et al., 2022), as reflected by the broad distribu-
tions in Fig. 6b. Freezing on DU can initiate at lower super-
saturations compared to BCav or BC. However, under suit-
able conditions, freezing on BCav and BC can also occur.
As shown in Fig. 6a, mineral dust availability is higher at
mid-latitudes, making it likely that cirrus forming at these
latitudes are more influenced by these nucleating particles.
Figure 6b further highlights a clear difference between the
distributions of ice crystals nucleated by DU in M-M and H-
H cirrus, with a pronounced second mode at approximately
0.1 cm~3 for M-M cirrus. Generally, the interplay of ambient
conditions and the freezing efficiency of INPs is more impor-
tant than total aerosol availability. Ngo et al. (2025) evaluate
the influence of various parameters on cirrus properties and
also find that RHj.e plays a more decisive role than the to-
tal concentrations of both larger aerosol particles (> 500 nm)
and smaller ones (> 100 nm).

Interestingly, the influence of BC from ground sources
is minimal in H-H cirrus in terms of absolute frequency of
events, whereas BCav appears to have a comparable effect
in both M-M and H-H cirrus. BCav exhibits a stronger in-
fluence in M-M cirrus, where the median Njce is an order
of magnitude higher than in H-H cirrus. It is important to
note that the ice crystal number concentrations and the fre-
quency of freezing events from aviation soot ice-nucleation
are very likely overestimated, as suggested by recent find-
ings by Testa et al. (2024). However, these results are still
useful for assessing the potential role of BCav as an INP.
If BCav was an efficient INP, it would have a noticeable
impact on cirrus formed at high latitudes, while BC from
other sources than aviation seems less relevant. This differ-
ence arises because BCav and BC from ground sources dif-
fer not only in their ice-nucleating properties but also in their
spatial distributions, leading to different interactions with cir-
rus clouds and, consequently, different climate effects. Soot
from ground sources is likely to be aged (i.e., coated) by the
time it reaches the upper troposphere, which limits its ice-
nucleating ability. While black carbon concentrations from
ground sources decrease with altitude and needs efficient ver-
tical transport mechanisms, aviation emissions create a dis-
tinct concentration peak of BCav at cruise altitudes (Righi
et al., 2021; Beer et al., 2022), precisely where in situ cirrus
form and evolve. This local source is continuously renewed
through flight activities e.g. in the North Atlantic Flight cor-
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ridor. H-H cirrus are mainly of in situ origin (=90 %, De La 4.4 Model refinement based on observational insights
Torre Castro et al., 2023), which form and remain at high al-
titudes where the relative abundance of BCav compared to
other INPs is higher. However, any potential impact would
be limited if BCav is assumed to have low ice-nucleating ef-
ficiency.

It should be noted that while the role of homogeneous nu-
cleation in ice crystal formation during CIRRUS-HL was ne-
glected, we cannot exclude a contribution from contrails to
the overall ice crystal number concentration, as discussed in
Sect. 4.2.

In Sect. 4.2, we identified an overestimation of ice crystal
number concentration by the model at mid-latitudes at warm
temperatures (above 220 K). This is likely connected to the
higher frequency of convective events at mid-latitudes, while
this influence was minimal at high latitudes. In this section,
we examine the role of convection in the model overestima-
tion of Njce in more detail and focus our analysis on the tem-
perature region above 220 K.
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(F12 and F15) for T > 220K and a smooth transition to the reference parametrization for 7 < 220 K. (b) Absolute frequency distribution
of newly formed ice crystal number concentrations detrained from convection (N; cy) along all backward trajectories of cirrus formed and
measured at high latitudes (H-H, blue), and cirrus formed and measured at mid-latitudes (M-M, orange). A linear vertical scale has been used
to focus on the M-M category. The median Nj.. of M-M cirrus are indicated with diamonds in the upper part of the plot. (¢) Same as Fig. 5b
but including additional EMAC simulations applying fit 1 (dashed line) and fit 2 (dotted line). Flights F12 and F15, which were used for the
parametrizations, are excluded from this data set, consistent with the approach in the other analyses of this study. The lines representing the

medians and percentiles are omitted for clarity.

In EMAG, the ice crystal number concentration from con-
vective detrainment is calculated based on the radius parame-
terization for convective ice crystals of Boudala et al. (2002).
In Fig. 7, we compare this approach with two alternative
ice crystal radius parametrizations derived from CIRRUS-
HL measurements during convective events over the Alps
(flights F12 and F15, excluded from the main analysis in the
previous sections). Based on targeted EMAC simulations, we
then assess how these new fits affect the model output com-
pared to the reference case using the Boudala et al. (2002) fit
(denominated as “ref”).

Figure 7a shows the convective ice crystal radius as a func-
tion of temperature. The reference fit from Boudala et al.
(2002) is shown with a solid red line, and the two CIRRUS-
HL-derived fits are represented by rot dashed and purple dot-
ted lines. The CIRRUS-HL fits are only valid for the temper-
ature regime > 220 K and smooth transitions to the Boudala
et al. (2002) fit are implemented at this temperature thresh-
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old to account for the colder temperature regime (using a sig-
moid logistic function with a steepness parameter of k = 1).
These new parameterizations are based on the mean volume
diameter of the ice crystal populations per sample period, as
defined in Schumann et al. (2011). The mean volume diam-
eter is calculated after using two different methods to esti-
mate the diameter of individual ice particles: (fitl) the max-
imum dimension of each ice crystal, calculated as the mini-
mum enclosing circle; and (fit2) the area-equivalent diame-
ter, derived from the projected surface area of the ice crys-
tals (Wu and McFarquhar, 2016). The resulting particle size
distributions are used to calculate mean volume diameters,
which are then binned and fitted as a function of tempera-
ture to produce the final parameterizations. Fitl consistently
yields larger radii than fit2, and both considerably exceed the
values from the Boudala et al. (2002) fit. This could be due
to the fact that data sets from the early 2000s are likely af-
fected by the ice crystal shattering phenomenon described
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in many studies, e.g., Field et al. (2003, 2006); McFarquhar
et al. (2007); Korolev et al. (2011, 2013), which artificially
increases the number of small ice crystals, leading to an un-
derestimation of the mean volume diameter.

Figure 7b shows the absolute frequency distribution of
newly formed ice crystals from convective clouds (N cv),
computed along backward trajectories, analogous to the anal-
ysis in Fig. 6b, d, and f for DU, BC, and BCav, respectively.
At high latitudes, the influence of convective detrainment is
negligible. However, at mid-latitudes, the median N; cy for
the reference case is around 1 cm™3, significantly higher than
the concentrations of newly formed ice crystals from DU,
BC, and BCav. Both fitl and fit2 reduce the median N; cv by
one to two orders of magnitude, with fitl having a stronger
effect due to its larger estimated radii. This reduction results
from distributing the same ice mass among fewer, but larger
crystals.

Finally, Fig. 7c illustrates the impact of the different ra-
dius fits on the comparison between modelled and observed
total ice crystal number concentrations as a function of tem-
perature for mid-latitude cirrus, as in Fig. 5b. Both alterna-
tive fits improve the model estimates compared to the ref-
erence case at temperatures above 220 K. Fitl may lead to
an overcorrection of Nj.. because the minimum enclosing
circle method systematically overestimates particle volume
and ice mass when ice crystals have irregular or complex
shapes. Fit2, however, relies on the area-equivalent diame-
ter to calculate the mean volume diameter, providing a more
realistic approximation of the actual ice crystal volume. This
makes fit2 the more accurate choice, particularly in condi-
tions where non-spherical ice shapes are prevalent (Wu and
McFarquhar, 2016). Figure S6 in the Supplement also shows
an improved model representation of RHjce and Djc.. In con-
trast, the new parametrizations have little effect on IWC, as
expected.

In addition to the CIRRUS-HL specific comparison shown
in Fig. 7c, we also compare the simulated ice cloud micro-
physical properties (Njce, IWC, Dijce, and RHjce) to measure-
ment data from a climatology derived from various flight
campaigns compiled by Kriamer et al. (2020) in a similar
manner as presented in Righi et al. (2020) (see Fig. S7 in
the Supplement). This comparison also shows an improved
agreement of the simulated results with the observations for
temperatures above 220K when using the alternative fits.
Hence, this model refinement represents a valuable way to
improve the model representation of cirrus clouds also for
other regions and cloud conditions.

These findings allow us to close the loop in our study
by improving the model based on observational data. We
demonstrate the strong sensitivity of simulated ice crystal
number concentrations in EMAC to the model representation
of convective ice crystals and show that applying fits based
on CIRRUS-HL measurements substantially improves model
accuracy in the temperature range above 220 K.
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5 Summary and conclusions

In this study, we present a combined approach to evalu-
ate and advance our understanding of aerosol—cirrus interac-
tions by analysing in situ ice and aerosol observations from
the CIRRUS-HL campaign together with simulations from
the global aerosol-chemistry—climate model EMAC with the
aerosol submodel MADES3. The analysis of in situ measure-
ments revealed an order of magnitude difference in ice num-
ber concentrations between mid-latitude and high-latitude
cirrus. However, aerosol concentration integrated across var-
ious size ranges did not show a correspondingly large differ-
ence between the two regions.

In order to evaluate whether the observed patterns could
be reproduced by the model, we developed a targeted strat-
egy for accurate intercomparison of aerosol and ice proper-
ties, extracting the model output along the flight tracks at
15 min intervals. Moreover, we investigated the contributions
of different heterogeneous freezing mechanisms to the ob-
served cirrus properties using backward trajectories in com-
bination with EMAC model data. This enabled the derivation
of ice-nucleating particle concentrations and number concen-
trations of newly formed ice crystal along the cirrus life cy-
cle and allowed us to assess their respective influences at high
and mid-latitudes. Finally, to investigate a model overestima-
tion of the ice crystal number concentration at mid-latitudes,
we tested alternative parameterizations for convective ice
crystal sizes derived from CIRRUS-HL measurements and
showed that they significantly reduce the modelled ice num-
ber concentration and improve agreement with observations.
The main conclusions of this study are:

— The observed one-order-of-magnitude higher ice crys-
tal number concentration in mid-latitude cirrus com-
pared to high-latitude cirrus could not be explained by
differences in total aerosol concentrations. In particu-
lar, the number of particles larger than 500 nm (a com-
monly used proxy for estimations of INP concentra-
tions) does not show a significant difference between
the two regions. We attribute the difference in cirrus
microphysical properties primarily to the varying influ-
ence of specific INP types with distinct freezing effi-
ciencies and its interaction with the ambient supersatu-
ration within the mid- and high-latitude regions, rather
than to differences in total aerosol concentrations (and
particles > 500nm as a proxy for INPs). The analy-
sis of the simulated freezing mechanisms along back-
ward trajectories from the measurement locations and
the observed updrafts suggests a negligible contribution
of homogeneous nucleation in the CIRRUS-HL mea-
surements both at high and mid-latitudes. However, ice
crystals detrained from convective systems were of par-
ticular importance at mid-latitudes during the campaign
period leading to high ice crystal number concentrations
in the model simulations. A further contributing fac-
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tor is the more frequent formation of contrails at mid-
latitudes due to denser aviation activity (Teoh et al.,
2024), which increases the ice number concentration
and reduces the effective particle diameter (Gierens,
2012; Voigt et al., 2017; Schumann et al., 2017; Bier
and Burkhardt, 2022).

— Further analyses of the EMAC output along the back-
ward trajectories highlight a prominent role of min-
eral dust in mid-latitude cirrus formation, leading more
frequently to higher ice crystal number concentrations
compared to cirrus at high-latitude. According to the
model simulations, aviation black carbon was found to
have the potential to significantly contribute to high-
latitude cirrus formation. This is consistent with the
largest fraction of those cirrus being of in situ origin,
which have air mass trajectories remaining at cruise al-
titudes, with the highest concentration of aviation emis-
sions. However, the magnitude of this contribution is
subject to the assumed very efficient freezing ability of
aviation black carbon particles, which is used to investi-
gate the sensitivity of natural cirrus clouds to modifica-
tions caused by these particles when they act as effective
ice nuclei.

— The EMAC model mostly shows reasonably good
agreement with aerosol observations from CIRRUS-
HL. However, a small underestimation of aerosol num-
ber concentration is identified near 300 hPa for particles
with diameters larger than 500 nm at high latitudes, and
a slight overestimation is present at higher altitudes for
particles larger than 12 nm in both cirrus types. Toward
lower altitudes, the model tends to underestimate the
smaller particle size mode, likely due to underestimated
emissions from ground sources and mechanisms of new
particle formation from precursor gases which are not
yet fully represented in the model.

— At mid-latitudes, the model captures ice properties
well in the cold temperature regime (7 < 220 K), but
this agreement is likely coincidental and subject to
higher uncertainty due to the assumed ice crystal size
in the model and the influence of contrail cirrus on
the observations. However, for warmer temperatures
(T >220K), it overestimates the median ice crystal
number concentration by about one order of magnitude,
consistent with previous findings (Righi et al., 2020).
The model and observations appear to agree at high lat-
itudes, but large uncertainties exist due to fewer data
points. We mainly attribute the model overestimation
of ice crystal number concentration at mid-latitudes at
warmer temperatures to an overestimation of the num-
ber of ice crystals detrained from convective clouds.
We present two alternative parametrizations of ice crys-
tal sizes in the convective outflow derived from the
CIRRUS-HL measurements during convective events
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and demonstrate a significant reduction of this model
bias in the estimation of ice crystal number concentra-
tions.

In summary, this study demonstrates the importance of in-
vestigating aerosol—cirrus interactions to better understand
the microphysical properties of cirrus clouds, which largely
determine their radiative impact. Accurate measurements of
ice-nucleating particles at the low temperatures typical of the
cirrus regime remain a critical need to advance our under-
standing of ice nucleation mechanisms and their role in the
climate system. In particular, studies clarifying the roles of
different INP types across regions and cloud types are needed
to better explain regional differences in cirrus microphysics.
Meanwhile, the integrated use of model data with in situ ob-
servations has proven effective in supporting the interpreta-
tion of field measurements and improving our understanding
of cirrus formation processes.
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