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Abstract. Aerosol-cloud-radiation interactions are a major source of uncertainty in the Arctic climate, particularly for low-19 

level clouds (LLC) that dominate cloud cover. This study presents in situ measurements of aerosols and cloud droplets collected 20 

with a tethered-balloon between May 16 and June 10, 2023, during the Atmospheric Rivers and the onseT of sea ice MELT 21 

campaign above sea ice in the Fram Strait. The objective was to quantify the contributions of boundary-layer and free-22 

tropospheric sources to the cloud condensation nuclei (CCN) budget of LLCs. Above- and below-cloud observations of five 23 

LLCs showed enhanced aerosol concentrations above cloud top in four cases. 24 

The analysis of a case study, in which the cloud was coupled to the surface, revealed a complex layered structure of aerosol 25 

properties, including multiple distinct size distributions. Aerosol concentrations above the cloud were up to four times higher 26 

than below, and measurements at the cloud-top interface indicated mixing between in-cloud and free-tropospheric air masses. 27 

Simulations of cloud droplet concentrations based on measured particle size distributions showed that including aerosols from 28 

above cloud, rather than only below, was required to achieve closure with observations. Our highly detailed observations 29 

around the cloud allowed us to demonstrate the significance of free-tropospheric CCN sources, which influence Arctic cloud 30 

microphysical and radiative properties. Concretely, not accounting for free tropospheric CCN would have resulted in a low 31 

bias in the longwave radiative forcing of 1.3 W m-2. These findings highlight the need for systematic vertical aerosol 32 

observations and improved model representation of elevated aerosol layers. 33 
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1 Introduction 34 

The Arctic climate is changing rapidly, and the surface energy budget (SEB) is highly dependent on the presence of clouds 35 

and their macro and microphysical properties (e.g., Intrieri et al., 2002; Sedlar et al., 2011; Tjernström et al., 2008). In the 36 

Arctic, low-level mixed-phase and liquid stratocumulus clouds (referred to hereafter as low-level clouds (LLCs) for simplicity) 37 

commonly occur year-round (Mioche et al., 2015; Morrison et al., 2012; Shupe, 2011). Clouds affect both the downwelling 38 

shortwave radiative fluxes by reflecting incoming solar radiation and net longwave radiation by radiating towards the surface 39 

as black bodies. While clouds generally have a cooling effect globally, Arctic LLCs above snow-covered sea ice lead to positive 40 

radiative forcing for much of the year (Shupe and Intrieri, 2004). This is because positive longwave radiative forcing dominates 41 

over negative shortwave forcing due to absence of sunlight in winter (Curry et al., 1993; Intrieri et al., 2002; Kay et al., 2016; 42 

Sedlar et al., 2011), and high surface albedo in summer and low solar zenith angle (except for a short period when the sea ice 43 

includes many melt ponds). Although the importance of clouds for the Arctic SEB is well established, accurately simulating 44 

their radiative forcing remains difficult with models (Young McCusker et al., 2023). As a result, cloud-related radiative fluxes 45 

constitute the largest source of errors in Arctic SEB predictions (Sedlar et al., 2020; Solomon et al., 2023; Tjernström et al., 46 

2008). 47 

One of the sources of this uncertainty arises from aerosol-cloud interactions, whose representation in models remains 48 

challenging (Morrison et al., 2012; Tjernström et al., 2008). Aerosols play crucial roles in modulating cloud properties by 49 

acting as cloud condensation nuclei (CCN) that form liquid droplets and ice-nucleating particles (INPs) that form ice crystals. 50 

Their presence can influence cloud formation, total condensate amount, phase partitioning, lifetime, dynamics and radiative 51 

effects (e.g., Fan et al., 2016; Lohmann and Feichter, 2005). Accurate knowledge of the aerosol properties that seed clouds is 52 

therefore fundamental.  53 

In the Arctic, above sea ice, aerosol concentrations can be low, limiting the formation of clouds (e.g., Bigg et al., 1996; Boyer 54 

et al., 2023; Creamean et al., 2022; Lannefors et al., 1983; Mauritsen et al., 2011). Furthermore, frequent surface-based or low-55 

level temperature inversions (Akansu et al., 2023; Bradley et al., 1992; Jozef et al., 2024) and decoupling layers (i.e., vertically 56 

discontinuous turbulent mixing) between the surface and LLCs can inhibit the supply of aerosols from local surface sources 57 

upwards to the clouds (Brooks et al., 2017; Shupe et al., 2013). Under these conditions, ground-based measurements of aerosols 58 

are not necessarily representative of the aerosols seeding the clouds (Creamean et al., 2021). Given the specific conditions of 59 

the Arctic, the free troposphere can constitute an alternative important source of CCN and INPs for cloud formation and 60 

sustainment (Igel et al., 2017), much like humidity inversions above clouds have been shown to sustain Arctic LLCs (Solomon 61 

et al., 2014).  62 

The importance of elevated aerosol layers located above cloud top has already been observed in previous studies like 63 

Kupiszewski et al. (2013) and Pilz et al. (2024) who performed vertical measurements of size-resolved aerosol concentrations 64 

in the Arctic. They measured increasing aerosol concentrations with altitude in the free troposphere on several occasions. The 65 

observed concentrations for CCN-sized particles were up to an order of magnitude greater than within the boundary layer.  66 
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Their studies showed higher aerosol concentrations in the free troposphere than within the boundary layer on several occasions. 67 

These layers had concentrations of up to about an order of magnitude greater than within the boundary layer for CCN-sized 68 

particles. In a modeling study, Price et al. (2023) found that aerosols from remote sources, entrained into the boundary layer 69 

from the free troposphere, accounted for nucleation (< 10 nm) and Aitken (10 – 100 nm) mode particle concentrations that 70 

were otherwise underestimated by the model. In another study, using large-eddy simulations, Igel et al. (2017) showed that 71 

when layers of enhanced aerosol number concentrations were present above Arctic LLCs, these particles could activate at 72 

cloud top and be entrained into the cloud. Thereby they showed that aerosol properties at the surface were not always a good 73 

indicator of all aerosol particles feeding the cloud.  74 

Despite mounting evidence that more concentrated aerosol layers above Arctic LLCs are common and that entrainment from 75 

the free troposphere can replenish boundary-layer aerosol, key uncertainties remain regarding how frequently this pathway is 76 

relevant across the Arctic and how strongly it perturbs cloud microphysical and radiative properties. Observational evidence 77 

for enhanced aerosol concentrations aloft has often relied on limited  observations and did not provide a direct microphysical 78 

closure linking CCN availability above cloud to in-cloud droplet number concentrations or resulting radiative properties 79 

(Creamean et al., 2021; Kupiszewski et al., 2013; Pilz et al., 2024). Hence, an important outstanding question is whether and 80 

when entrainment of free-tropospheric aerosol in LLCs measurably alters cloud droplet activation and the associated radiative 81 

properties of the LLCs.  82 

To answer these questions, we first need more extensive profiling observations of CCN, INP and cloud microphysical 83 

properties (Kretzschmar et al., 2020; Sedlar et al., 2020; Wendisch et al., 2023) in order to characterize the aerosol seeding of 84 

clouds, their origin and under which conditions the aerosols at the surface are or are not representative of the aerosols in the 85 

cloud layer and when aerosols in the free troposphere become important to consider.  86 

In this study, we explicitly address the role of the free troposphere as a source of CCN (and by extension INPs, although not 87 

explicitly analyzed here) for Arctic LLCs and investigate how accounting for this source modifies cloud microphysical and 88 

longwave radiative properties compared to a framework that only considers boundary-layer aerosols. In particular, we aim to  89 

(i) assess whether the free troposphere can supply a measurable addition of CCN for Arctic LLC formation and 90 

sustainment, and  91 

(ii) examine how cloud microphysical and radiative characteristics differ depending on whether aerosol sources above 92 

the cloud are included.  93 

To address these questions, we follow a framework that links aerosol pathways to the thermodynamic and turbulent structure 94 

of the cloud-topped Arctic boundary layer. The framework, illustrated in Fig. 1, includes the different Arctic LLC 95 

components. In the lowest portion of the boundary layer a surface mixing layer (SML) is maintained just above the surface, 96 

driven primarily by surface wind shear. At the upper part of the boundary layer and including LLCs themselves is a cloud 97 

mixed layer (CML), where turbulence is driven by buoyant overturning within the clouds resulting from cloud top radiative 98 

cooling. Turbulence at cloud top promotes entrainment of free tropospheric air. Depending on the extent of the layers, 99 

turbulence may span the full boundary layer depth or be vertically discontinuous. The dynamics discussed here are critical to 100 

https://doi.org/10.5194/egusphere-2026-1068
Preprint. Discussion started: 27 February 2026
c© Author(s) 2026. CC BY 4.0 License.



4 
 

understanding the influence of below- and above-cloud aerosol on the cloud properties as they determine from where aerosols 101 

are mostly transported into the cloud. On the right, two aerosol pathways are shown. The first (represented by blue arrows) 102 

only considers surface and boundary layer aerosols as an important source of CCN and INPs for the cloud and a re-circulation 103 

of those particles between the cloud and the atmospheric column below. The second pathway (yellow arrows) also considers 104 

the incorporation of free tropospheric aerosols as an additional significant source of CCN and INPs.  105 

To investigate how relevant the free tropospheric pathway can be for Arctic LLCs and address the research questions stated 106 

above, a tethered ballon-based platform, the Modular Multiplatform Air Compatible Measurement System (MoMuCAMS, 107 

Pohorsky et al. 2024) was deployed during the 2023 Atmospheric Rivers and the onseT of sea ice MELT (ARTofMELT, 108 

Zieger, Tjernström et al. in prep) expedition. Tethered balloons are an advantageous platform for high-resolution vertical 109 

measurements. They can carry significant instrument payloads (compared to drones), can hover at fixed altitudes and operate 110 

in clouds even under icing conditions (e.g., Creamean et al., 2021; Pilz et al., 2022; Pohorsky et al., 2024). The deployment of 111 

such balloons enables very detailed measurements between the surface and the lower free troposphere (altitudes that are often 112 

too low for crewed aircraft). The ability of MoMuCAMS to measure the size distribution of nucleation, Aitken and 113 

accumulation mode (100 – 1000 nm) particles (a novelty for tethered-balloon observations) is a distinction that is critical to 114 

identifying different aerosol populations, observing aerosol processing in the vicinity of the clouds and better quantifying CCN 115 

concentrations. Additionally, cloud droplet number concentration measurements are a direct characterization of clouds’ 116 

microphysical properties. Here, we leveraged the measurement and flying capabilities of the MoMuCAMS platform to perform 117 

a closure analysis of cloud droplets, which was used to evaluate the role of CCN contributions from above an observed cloud. 118 

That analysis is complemented with cloud droplet activation simulations and radiative transfer modeling to quantify how 119 

different the microphysical and longwave radiative properties of the cloud are when considering cloud seeding from aerosol 120 

particles located above. 121 

 122 
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 123 
Figure 1 Schematic of low-level cloud over the pack ice in the Arctic. On the left, the different elements of the cloud-topped Arctic 124 
boundary layer are illustrated, based on Fig. 2 from Brooks et al. (2017), including the surface mixing layer (SML), the convective 125 
mixing layer (CML) and entrainment from cloud-top cooling. An idealized temperature profile represents a well-mixed boundary 126 
layer for a cloud base coupled to the surface (full line) and two alternative situations with an elevated inversion below the cloud base 127 
(long, dashed line) and a surface-based inversion (short, dashed lines). On the right, two idealized pathways of cloud-feeding aerosols 128 
are depicted. Blue arrows represent a situation with only boundary layer contributions of cloud condensation nuclei (CCN) and ice-129 
nucleating particles (INP). Yellow arrows also include a contribution of free tropospheric aerosols from long-range transport or new 130 
particle formation (NPF) to the cloud’s CCN and INP budget.  131 

2 Methods 132 

The ARTofMELT expedition took place in the Fram Strait onboard the Swedish icebreaker Oden from May 9 to June 13, 133 

2023. The cruise began and ended in Longyearbyen and included two ice camps, where vertical measurements were performed 134 

with a 45-m3 Helikite lifting the MoMuCAMS (Fig. 2). In total, 23 flights on 13 different days were carried out between May 135 

16 and June 10 (see Table S1).  136 

2.1 Helikite instrumentation 137 

The in situ measurements were performed with the MoMuCAMS described in Pohorsky et al. (2024). It was deployed from a 138 

container platform located on the aft deck of the ship (see Fig. 2c) and equipped with instruments to characterize aerosol and 139 

cloud droplet properties. The maximum altitude reached was 645 m above sea level.  140 

A miniaturized scanning electrical mobility spectrometer (mSEMS model 9404, Brechtel Manufacturing Inc., USA) provided 141 

particle number size distribution (PNSD) measurements for particles with electrical mobility diameters between 8 and 280 nm 142 
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with 40 log-spaced size bins and a bin time of 4 seconds, yielding a time resolution of 2 min 40 sec per scan. A portable optical 143 

particle spectrometer (POPS, Handix Scientific, USA) provided PNSD measurements for optical diameters between 186 and 144 

3370 nm. The POPS was operated with 16 log-spaced size bins and a 1 Hz acquisition frequency.     145 

A light optical aerosols counter (LOAC, Meteomodem, France) was installed on top of MoMuCAMS to measure the size 146 

distribution of aerosols and cloud droplets from 200 nm up to 50 µm with a time resolution of 30 sec (Renard et al., 2016). In 147 

the LOAC, two detectors measure the scattering, at 12° and 60°, produced by the sampled particles traveling through a laser 148 

beam. The intensity of the forward scattering signal is used to measure the size of the particles and the difference between the 149 

two angles provides additional information to classify particle types (e.g., carbonaceous, minerals, liquid droplets). 150 

In addition to aerosol measurements, meteorological variables were measured during the flights. A wind probe (SmartTether, 151 

Anasphere, USA) attached directly to the tether, ≈ 1.5 meters below the MoMuCAMS collected wind speed and direction data 152 

at 0.5 Hz. Two sensors (SHT85, Sensirion, CH), installed in an insulated and actively ventilated radiation shield casing attached 153 

to the side of MoMuCAMS, measured temperature and relative humidity (RH). Pressure was recorded in triplicate by sensors 154 

located on the MoMuCAMS’s board computer (MPL115A2, Adafruit, USA), the SmartTether and the POPS. A summary of 155 

deployed instruments for each flight during the campaign is listed in Table S1. 156 

In addition, a single channel tricolor absorption photometer (STAP model 9406, Brechtel Manufacturing Inc., USA) measured 157 

aerosol light absorption coefficients at 450, 525 and 624 nm, an 8-channel filter sampler (FILT model 9401, Brechtel 158 

Manufacturing Inc., USA) collected aerosol particles on transmission electron microscopy copper grids and a filter sampler 159 

(IcePuck, Handix, USA) collected aerosol particles on polycarbonate filters for INP analyses. The filter-sampling instruments 160 

were deployed on some flights, but their data are not presented here.          161 

 162 
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 163 
Figure 2 (a) Ship track and location of Helikite flights during the ARTofMELT campaign. The colored dots represents the Helikite 164 
flights dates and locations. The white to blue ocean surface shading depicts the May 16, 2023  sea ice concentration (day of the first 165 
Helikite flight). Data source: https://www.ncei.noaa.gov/products/climate-data-records/sea-ice-concentration. (b) Close-up view of  166 
MoMuCAMS attached to the Helikite. The LOAC is placed on top of the enclosure. Photo credit: Roman Pohorsky. (c) The IB Oden 167 
moored to an ice floe with different measurement platforms indicated. Photo credit: Christopher Groop.  168 

2.2 Helikite data processing 169 

Data processing followed the procedure described in Schmale et al. (submitted) based on the EBAS guidelines (https://ebas-170 

submit.nilu.no/). Raw mSEMS data files were inverted using a software package provided by the manufacturer. At level 0, 171 

one data file per flight that includes the data from the different instruments, was created. At level 1, the meteorological variables 172 

were cleaned for invalid data. Because the ship was warmed by incoming solar radiation, an influence on the temperature 173 

profiles was observed in the first tens of meters. This influence was identified by a steeper temperature gradient relative to that 174 

observed higher up. The altitude of influence on the temperature measurements was manually identified for each profile and 175 

data below this altitude were flagged. Additionally, a corrected temperature profile was produced. The temperature profile was 176 

reconstructed between the take-off altitude and the highest point of temperature influence by extrapolating the temperature 177 

data above and assuming the same temperature gradient as the observed mean gradient. An example of the temperature 178 

influence of the ship, data flagging and reconstructed temperature profile is shown in Fig. S1.  179 

The altitude above sea level was calculated using the barometric formula, 180 

 181 

ℎ𝑏𝑏 =  𝑇𝑇0
𝐿𝐿0

(1 −  𝑝𝑝𝑏𝑏
𝑝𝑝0

)
𝐿𝐿0𝑅𝑅
𝑔𝑔 ,                                 (1) 182 
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where 𝑇𝑇0 is the temperature at the surface, 𝐿𝐿0= 6.5 K km-1 is the mean environmental lapse rate, 𝑝𝑝0 and 𝑝𝑝𝑏𝑏  are the pressure at 183 

the surface and balloon height, respectively, R = 287 J kg-1 K-1 is the gas constant for dry air and g is the Earth’s gravitational 184 

constant. 185 

Aerosol data were manually inspected for outliers and anomalous data, which were flagged and removed. An intercomparison 186 

of the MoMuCAMS with the ship-based aerosol instruments (see Sect. 2.3) indicated an undercounting of aerosol number 187 

concentration by the POPS (about 30 %). A size-dependent correction for aerosol counting was applied based on a comparison 188 

with a differential mobility particle sizer (DMPS) during a ground-based intercomparison. Aerosol concentrations were then 189 

converted to standard temperature and pressure using the temperature measured in the sampling line. Results of the comparison 190 

and corrected size distribution are shown in Fig. S2 and correction factors are listed in Table S2.  191 

For the cloud droplet size distribution and concentration, we selected ‘particles’ larger than 3 µm, that were classified as 192 

droplets by the LOAC. Concentrations for different bin sizes are normalized by the respective bin width (dN dlog(Dp)-1). A 193 

comparison of the LOAC data with a fog monitor (FM120, Droplet Measurement Technologies, USA) is shown in Fig. S3.    194 

Pollution from the ship exhaust was identified visually for each profile. Ship exhaust plumes were identified by strong and 195 

rapid increases in the aerosol number concentration (typically between 30 and 50 m altitude). Polluted data points were flagged 196 

and removed from the analysis. An example of a profile with flagged ship pollution is shown in Fig. S1.    197 

Finally, a 10-second arithmetic averaging was applied to the data (except for the mSEMS and LOAC data with initial coarser 198 

resolutions). For the analysis of vertical profiles presented in this study, the data were spatially averaged into 10-m altitude 199 

bins and plotted at the midpoint altitude.  200 

 201 

2.3 Supporting data from IB Oden 202 

To complement the analysis of the MoMuCAMS vertical profiles, ship-based remote sensing and in situ observations were 203 

used. At the front of the ship’s superstructure, on the fourth deck, the mobile aerosol-cloud laboratory container from 204 

Stockholm University was equipped with a suite of aerosol instruments (see location in Fig. 2c). A differential mobility particle 205 

spectrometer (DMPS) sampled from a total inlet (i.e., sampling all aerosol sizes), providing aerosol number size distribution 206 

measurements for particles with an electrical mobility between 15 and 840 nm at a time resolution of 12 minutes (as in Karlsson 207 

et al. 2022). A cloud condensation nuclei counter (CCNC, Droplet Measurement Technologies, USA) (Lance et al., 2006; 208 

Roberts and Nenes, 2005) operated in parallel to measure the CCN concentration. The CCNC operated at supersaturations of 209 

0.1, 0.2, 0.3, 0.5 and 1.0 % with a duration of 15 minutes per supersaturation level.  210 

A suite of remote sensing instrumentation made continuous measurements throughout the cruise. A 94 GHz W-band Doppler 211 

Cloud Radar (RPG-FMCW-94-SP, Radiometer Physics GmbH, Germany) was installed on top of a container on the 4th deck, 212 

this provided measurements of radar backscatter and Doppler velocities with a vertical resolution between 7.45 and 28.6 m 213 

(depending on range) and time resolution of approximately 5.4 seconds. A laser ceilometer (CL31, Vaisala, Finland) installed 214 

on the 7th deck, provided measurements of cloud base every 30 seconds with a range resolution of 10 m. Liquid water path 215 
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was estimated by a microwave radiometer (HATPRO, Radiometer Physics GmbH, Germany). Here cloud boundaries are 216 

derived from the cloud radar and laser ceilometer. Profiles of liquid water content are derived via the Cloudnet algorithm 217 

(Illingworth et al., 2007) using data from the radar, ceilometer, HATPRO, and radiosondes. A HALO Photonics Streamline 218 

Doppler Lidar (HALO Photonics, UK), installed above a container on the 2nd deck, was used to measure the vertical velocities 219 

at cloud base and in the lower part of the cloud. 220 

Radiosondes (RS41, Vaisala, Finland) were launched every 6 hours during the campaign (nominally at 05:30, 11:30, 17:30 221 

and 23:30 UTC). Data from the radiosondes were used to complete meteorological data from the Helikite flights, which were 222 

more sporadic in time and limited in altitude. The data used from the radiosoundings included pressure, temperature, and 223 

relative and specific humidity.  224 

Measurements of near surface meteorology (temperature, pressure, relative humidity, wind speed and wind direction, 225 

upwelling and downwelling longwave and shortwave radiation) were obtained from a weather station composed of a 226 

meteorological mast and a radiometer stand installed on the sea ice and from the ship’s weather station (at 25 m altitude).  227 

Finally, synoptic conditions were inspected with ERA5 data (Soci et al., 2024), and backward trajectory analysis data from the 228 

Lagrangian analysis tool (LAGRANTO; Sprenger and Wernli, 2015) were used to determine the origin and influences of air 229 

masses arriving at the ship location during Helikite flights. For each backward trajectory simulation, an ensemble of ≈37 5-230 

day trajectories was calculated. The arrival point of each trajectory was located in a 100 km circle around the ship’s location 231 

at 50 hPa above sea level. Shapes and tracks of surface cyclones were calculated on ERA5 dataset based on the MOAAP 232 

tracking algorithm (Prein et al., 2023); continuous areas in the SLP anomaly field below -8 hPa and persisting for more than 233 

12 hours are identified as cyclones. 234 

 235 

2.4 Temperature inversion and cloud coupling analysis 236 

Temperature profiles from radiosoundings and Helikite flights were analyzed to identify the heights of temperature inversions. 237 

Inversions were identified by layers with a positive vertical temperature gradient (dT dz-1 > 0) for at least 25 meters (Jozef et 238 

al., 2022; Kahl, 1990). The temperature inversion height was used to characterize thermodynamic coupling between observed 239 

LLCs and the surface. Following Pilz et al. (2024), a cloud is considered to be decoupled (thermodynamically) if a surface-240 

based inversion was detected or if the base of an elevated inversion was located below the cloud base.  241 

 242 

2.5 Cloud boundaries determination  243 

An inherent challenge in analyzing tethered-balloon profiles that extend through clouds is to accurately determine cloud base 244 

and cloud top boundaries. In this study, we estimated these boundaries using a combination of relative humidity (RH ≈ 100%), 245 

in-flight video recordings and observed aerosol concentrations. Within clouds the MoMuCAMS’ low sampling flow rate means 246 
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that primarily interstitial aerosol (i.e., non-activated particles) is sampled, because cloud droplets are too heavy to be drawn 247 

into instruments. Consequently, observed aerosol concentrations decreased within cloud layers. 248 

 249 

To validate cloud boundary estimates, and monitor changes over time, we compared them with ceilometer-derived cloud base 250 

heights and radar reflectivity data. An example of the cloud boundary determination is shown in Fig. S4. It should be noted 251 

that cloud boundaries, particularly cloud base, are inherently diffuse, and their exact definition is subject to interpretation, 252 

introducing an inherent uncertainty of approximately ± 30 m.  253 

 254 

2.6 Droplet activation parametrization 255 

We use an aerosol activation parametrization developed by Nenes and Seinfeld (2003) and further improved by Fountoukis 256 

and Nenes (2005), Barahona et al. (2010) and Morales Betancourt and Nenes (2014) to calculate the number of cloud droplets 257 

(Nd) formed in observed clouds and compare those values with the in situ LOAC measurements. The parametrization requires 258 

aerosol PNSD, hygroscopicity, updraft velocity and environmental conditions at cloud height (pressure and temperature) as 259 

inputs.  260 

In the parametrization, we used the approach introduced by Morales and Nenes (2010) to calculate the probability density 261 

function (PDF)-averaged Nd and supersaturation (smax) in the cloud (which is representative of the measured droplet number 262 

concentration) by applying the parametrization using a single characteristic velocity, w* = 0.79σw (Conant et al., 2004; 263 

Fountoukis et al., 2007; Georgakaki et al., 2021; Motos et al., 2023). The σw is the standard deviation of a gaussian fit of the 264 

vertical velocity data at cloud base obtained from the Doppler Lidar. To be representative of the variability of the vertical 265 

velocity, the PDF is generated from data over one hour. The pressure and temperature data at cloud base are obtained from 266 

Helikite and radiosonde measurements. For parametrizations with data collected between profiles, the Helikite and radiosonde 267 

pressure and temperature measurements are interpolated.  268 

The aerosol number size distribution data measured directly below cloud base (i.e. 50 m layer below cloud base) and in the 269 

entrainment zone were used as inputs for different simulation scenarios. The PNSDs were fitted with lognormal distributions 270 

using a multipeak fitting package in IGOR Pro v9.02 and reconstructed to fit the required number of bins assumed by the 271 

parametrization scheme.  272 

The hygroscopicity parameter (κ) was calculated from ship-based measurements of aerosol PNSD and CCN concentrations 273 

following the method of Petters and Kreidenweis (2007), 274 

𝜅𝜅 = 4𝐴𝐴3

27𝐷𝐷𝑑𝑑3(𝑙𝑙𝑙𝑙 𝑆𝑆𝑐𝑐 )2
,                                  (2) 275 

 276 
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where 𝑆𝑆𝑐𝑐  is the critical saturation ratio (𝑆𝑆𝑐𝑐 = 𝑠𝑠𝑠𝑠𝑐𝑐
100

+ 1), with 𝑠𝑠𝑠𝑠𝑐𝑐= critical supersaturation in %. The critical dry diameter (Dd) 277 

at each supersaturation was calculated by integrating the aerosol size distribution from the larger particle sizes to the lowest 278 

until the integrated concentration matched the CCN concentration.  279 

The A is defined as follows: 280 

𝐴𝐴 =
4𝜎𝜎𝑎𝑎 𝑤𝑤⁄ 𝑀𝑀𝑤𝑤

𝑅𝑅𝑅𝑅𝜌𝜌𝑤𝑤
                    (3) 281 

where the surface tension of water in air 𝜎𝜎𝑎𝑎
𝑤𝑤

= 0.072 𝐽𝐽
𝑚𝑚2 and the temperature of 𝑇𝑇 = 298.15 K is used. 𝜌𝜌𝑤𝑤 = 997 𝑘𝑘𝑘𝑘

𝑚𝑚3 is the 282 

density of water, 𝑀𝑀𝑤𝑤 = 18.015 ∗ 10−3 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

 is the molecular weight of water and 𝑅𝑅 = 8.3145 𝐽𝐽
𝑚𝑚𝑚𝑚𝑚𝑚∗𝐾𝐾

 is the ideal gas constant. 283 

2.7 Radiative transfer modeling  284 

To assess clouds’ influence on downwelling longwave radiation in response to the number and size of cloud droplets, radiative 285 

transfer modeling (RTM) was performed. We used a plane-parallel radiative transfer model with the DISORT solver (Stamnes 286 

et al., 1988) implemented in the libRadtran 2.0.6 software package (Emde et al., 2016; Mayer and Kylling, 2005). Simulations 287 

were performed with the LOWTRAN parametrization for gaseous absorption (Ricchiazzi et al., 1998). For aerosols, we used 288 

standard maritime profiles based on the model of (Shettle, 1990). The season was set to “summer”. Temperature and relative 289 

humidity profiles were based on radiosoundings and complemented with Helikite measurements in the lower layers as in 290 

Lonardi et al. (2024).          291 

A profile of liquid water content (LWC) and droplet effective radius (reff) is included to account for cloud effects on radiation. 292 

The reff is obtained as in Lonardi et al. (2024), 293 

𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 =  � 3
4𝜋𝜋∙ 𝜌𝜌𝑤𝑤∙ 𝑁𝑁𝑑𝑑 ∙𝑘𝑘

∙ 𝐿𝐿𝐿𝐿𝐿𝐿(𝑧𝑧)�
1
3,                   (4) 294 

where ρw is the density of liquid water and the parameter k converts the effective droplet radius into the volumetric droplet 295 

radius and was set to 0.8, which is representative for stratocumulus clouds (Brenguier et al., 2011). The LWC was retrieved 296 

from remote sensing data and reff was calculated by assuming a constant Nd profile throughout the cloud column.  297 

 298 

3  Overview of meteorological conditions, aerosols and clouds during ARTofMELT 299 

We present here an overview of the conditions during the ARTofMELT campaign to provide a broader context for the 300 

following analysis of a case study. A more complete overview of the entire campaign is provided in Zieger et al. (in prep). 301 

Figure 3 shows near surface meteorology, cloud conditions, surface radiation and aerosol concentrations between May 16 302 

(establishment of the first ice camp) and June 13 (ship leaving the ice).  303 
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During the first days, the temperature rose from -14 °C to just above 0 °C on May 20 (Fig. 3a). It then varied between 0 and 304 

−8 °C until June 10, when it again exceeded 0 °C, coinciding with the onset of sea-ice melt (Zieger et al., in prep). The relative 305 

humidity was continuously high with values usually exceeding 80 %.  306 

Overall, a cloud fraction above 5 oktas (representing a cloudy sky) represented 64 % of the observation period (Fig. 3c). Within 307 

these cloudy conditions, a cloud base below 2000 m was detected 97 % of the time. Although some of these clouds might have 308 

been deep frontal clouds, Fig. 3b shows that clouds with a base below 2000 m were mainly shallow stratiform clouds. The 309 

cloudiness during ARTofMELT falls at the lower end of cloud fractions reported during major Arctic field campaigns such as 310 

the Surface Heat Budget of the Arctic Ocean campaign (SHEBA, ≈ 88 % monthly average in May and June; Intrieri et al. 311 

2002), the Arctic Ocean 2018 (AO2018, ≈ 96 % cloud occurrence in August and September; Vüllers et al. 2021), and the 312 

Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC, 74 and 82 % cloud occurrence in May and 313 

June, respectively; Achtert et al. 2025); yet the dominance of low-level clouds during ARTofMELT is consistent with the well-314 

established prevalence of LLCs in the central Arctic (Intrieri et al., 2002; Jimenez et al., 2025; Vüllers et al., 2021). 315 

The 23 Helikite flights and their respective maximum altitude are displayed in Fig. 3b. Flights covered the full period and 316 

sampled all the conditions encountered during the campaign. Clouds were sampled on 8 days with the Helikite (16/23 Helikite 317 

flights in total). Out of these 8 cloud situations, the Helikite flew above the cloud top on 5 different days (8 different flights in 318 

total). More details on the vertical measurements of these 5 clouds are provided below (Sect. 3.1).  319 

The median LWP (Fig. 3c) was 27.9 g m-2 during cloudy conditions with an interquartile range (IQR) from 12.3 to 65.1 g m-2. 320 

These values are similar to previously reported values from 2.5 years of cloud observations conducted at Ny-Ålesund by 321 

Gierens et al. (2020), who observed a median LWP of 24.3 g m-2 [IQR = 7.3 – 55.6 g m-2] for the summer season, and are to 322 

be expected for Arctic clouds (Sedlar, 2014).  323 

In Fig. 3d, we can see how the presence of clouds affects the surface radiative budget. The net longwave flux (i.e., downwelling 324 

minus upwelling radiation fluxes) shows a bimodal pattern with values ≈ -72 W m-2 during clear sky conditions and ≈ -4 W m-325 
2 during cloudy conditions, which are typical for the Arctic summer (e.g., Solomon et al., 2023). We also assessed the total 326 

cloud radiative effect (CRE) by comparing measured downwelling fluxes (both longwave and shortwave) to simulated fluxes 327 

with a radiative transfer model assuming clear sky conditions. More details on the data and radiative transfer simulations are 328 

provided in the data descriptor (Murto et al., 2024).  329 

The total CRE was calculated as, 330 

 331 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐿𝐿𝐿𝐿↓,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝐿𝐿𝐿𝐿↓,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠 + (𝑆𝑆𝑆𝑆↓,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝑆𝑆𝑆𝑆↓,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠)(1 − 𝛼𝛼),                         (5) 332 

  333 

where 𝐿𝐿𝐿𝐿↓,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  and 𝐿𝐿𝐿𝐿↓,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠  represent the measured and simulated clear sky downwelling longwave radiation fluxes, 334 

respectively. 𝑆𝑆𝑆𝑆↓,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑆𝑆𝑆𝑆↓,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠 represent the same but for the shortwave radiation. The α is the surface albedo 335 

and was obtained from the on ice weather station measurements. By multiplying the difference in 𝑆𝑆𝑆𝑆↓ by 1-α, we obtain the 336 
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difference of absorbed shortwave radiation between clear sky and cloudy conditions. The albedo data was interpolated between 337 

the two ice camps to provide a representative value for snow covered ice conditions. Here we assume the 𝐿𝐿𝐿𝐿↑  (upwelling 338 

longwave radiation) is the same for clear sky and cloudy situation and α is independent of 𝑆𝑆𝑆𝑆↓. The CRE (Fig. 3d) during the 339 

campaign was generally positive with maximum values of ≈ 50 W m-2 at local midnight when the sun was at its lowest point. 340 

At noon, the CRE was lower but usually remained positive. These observations confirm the warming effect of clouds in the 341 

Arctic and their importance for the SEB and sea-ice melt.  342 

Figure 3e shows the aerosol concentration measured by the DMPS onboard IB Oden for two size ranges (< 100 nm for 343 

nucleation and Aitken mode particles and > 100 nm for accumulation and coarse mode particles). The total concentration 344 

varied between a maximum of ≈ 1200 cm-3 and a minimum of below 5 cm-3, while the median was ≈ 170 cm-3. Excluding a 345 

few brief interruptions, the first period (until May 25) is marked by a dominance of accumulation mode particles, a signature 346 

of Arctic haze, characteristic of spring conditions (e.g., Boyer et al., 2023; Freud et al., 2017; Heutte et al., 2025; Schmale et 347 

al., 2022). The median concentrations were 81 and 45 cm-3 for particles greater than and smaller than 100 nm, respectively. 348 

On May 26, we observe a shift to a summer regime with more dominance of nucleation and Aitken mode particles from local 349 

natural sources such as emissions from biological activity (e.g., Leck and Persson, 1996; Pereira Freitas et al., 2025). The 350 

respective median concentrations were then 50 and 160 cm-3 for particles greater than and smaller than 100 nm.  351 

 352 

 353 

 354 

 355 
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 356 
Figure 3 Overview of cloud relevant variables during the ARTofMELT campaign, May 16 to June 23. (a) Ship-based temperature 357 
(red) and relative humidity (blue) measurements 25 m above sea level. Horizontal dashed line indicates 0 °C. (b) Radar reflectivity 358 
measurements, up to 3500 m, show the presence of LLCs. Purple rectangles indicate each Helikite flight, including its maximum 359 
altitude and duration. (c) Liquid water path (LWP) measured with the HATPRO microwave radiometer. The top bar indicates the 360 
cloud fraction in oktas while the lower pink bars indicate the two ice camp periods. (d) Net longwave radiation (orange) and cloud 361 
radiative effect (CRE, green). (e) Aerosol particle concentration at ship level for particles with diameters below (brown) and above 362 
(pink) 100 nm, respectively. Periods influenced by ship pollution were removed in panel e.  363 
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3.1 Diverse aerosol profiles through clouds measured with the Helikite  364 

Here we focus on the five cloud cases where the Helikite flew above the cloud top, allowing aerosol measurements to be 365 

collected aloft. Average temperature and aerosol profiles for each case study are shown in Fig. 4. To facilitate comparison 366 

across cases, the altitude of each profile was normalized such that the distances between the lowest altitude and cloud base, 367 

cloud base and cloud top, and cloud top and the maximum altitude are each mapped onto one third of the profile. The flight 368 

on June 3 was conducted in fog; therefore, the profile begins at the cloud base, which coincides with the start altitude.  369 

The flights conducted on May 23, June 4, and June 7 exhibited a relatively well mixed boundary layer with no significant 370 

aerosol concentration gradients between the surface and cloud base. Measured aerosol concentrations progressively decreased 371 

with altitude as the Helikite approached cloud base and reached a minimum inside the cloud, suggesting they were 372 

progressively activated with height into cloud droplets over a distance of a few tens of meters and were therefore not sampled 373 

by the inlet (as illustrated in Fig. S4). These concentration gradients reflect the diffuse cloud boundaries discussed in Sect. 2.5, 374 

where the clouds’ optical depth gradually increases along with the number of cloud droplets but is initially below the remote 375 

sensing instruments detection limit. The well-mixed boundary layer below the clouds was consistent with the temperature 376 

profiles (Fig. 4a), which showed no inversion below the cloud base on any of these days. In contrast, the June 10 flight 377 

displayed a pronounced negative aerosol gradient from the surface to the cloud base. On this day, a surface-based temperature 378 

inversion due to the advection of a warm air mass was observed, indicating reduced vertical mixing between the surface and 379 

the cloud base. This indicates that surface-based measurements were not representative of cloud-level conditions for CCN and 380 

INP concentrations at that time.  381 

For the June 10 flight, the concentration of interstitial aerosols (≈ 150 cm-3) was greater than on other days due to increased 382 

concentrations of Aitken and nucleation mode particles - too small to activate in this case. Except for June 10, higher aerosol 383 

concentrations were observed above the cloud compared to below with enhancement factors between 1.3 and 3.9. These 384 

findings are consistent with previous studies (e.g., Kupiszewski et al., 2013; Pilz et al., 2024) underlining the likely relevance 385 

of free tropospheric aerosols as an important source of CCN and INPs for Arctic LLCs, which is not captured by surface-based 386 

measurements. To further investigate the contribution of particles below and above the cloud to the cloud droplet number 387 

concentration and longwave radiative properties, a detailed case study is presented in the following section. 388 

 389 

 390 

   391 
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 392 
Figure 4 Averaged profiles of (a) temperature and (b) aerosol concentrations (for particles with diameters from 8 to 3370 nm) 393 
through low-level clouds or fog layers (dates are indicated in the color legend). The altitude of each profile was normalized to the 394 
altitude of the cloud base and top, such that below, within and above cloud each represent one third of the vertical profile. Full lines 395 
represent the median of all profiles per day, the dashed line is the mean, and the shading represents the interquartile range. Dots 396 
and error bars represent the median and interquartile range from ship-based measurements with the DMPS (15 – 870 nm, no data 397 
on May 23).   398 

 399 

4  Case study of free tropospheric CCN influence on long-lived low-level mixed phase cloud  400 

On the morning of June 7, 2023, a low-level cloud was advected over the ship location at 79.64°N, 2.52°E. The cloud cover 401 

persisted through the day and continued until late on June 9, allowing several Helikite flights through the cloud to collect 402 

detailed information on aerosol and cloud microphysical characteristics.  403 

4.1 Synoptic conditions and air mass history 404 

In Fig. 5 the sea-level pressure (SLP) anomalies north of 60°N are visualized for June 7, and complemented by five-day back 405 

trajectories arriving at 50 hPa above sea level (≈ cloud height) at the ship location. The SLP anomalies show a low-pressure 406 

trough extending along the East coast of Greenland and high-pressure ridge over the Greenland Sea that extends over the sea 407 

ice. The Oden was located at the tip of the ridge. Not seen in Fig. 5 is a cyclone located north of Svalbard between June 2 and 408 

June 5. The back trajectories indicate that the air arriving at Oden originated from the central Arctic (north of Greenland) and 409 

followed the trough along the Greenlandic East coast before turning and traveling north towards the ship, along the marginal 410 

ice zone between the low-pressure trough and high-pressure ridge. The arriving air (at the surface) initially travelled in the free 411 
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troposphere (see vertical cross-sections of trajectories in Fig. S5) and began descending approximately 72 hours before 412 

reaching Oden, entering the boundary layer ≈ 36 hours before arrival and following the surface for the last 24 hours. The air 413 

arriving in the lower troposphere mainly remained in the free troposphere but trajectories show more spread compared to the 414 

trajectories arriving at the surface. About half of the trajectories exhibited subsidence over the last 36 hours before reaching 415 

Oden, which is consistent with the presence of the high-pressure system.   416 

  417 

 418 
Figure 5 Synoptic chart of the northern hemisphere between 60 and 90°N on June 7. Red and blue shading indicate daily-mean sea-419 
level pressure anomalies (hPa) with respect to the climatological mean (May-June 1981-2020; significant anomalies as hatching). 420 
Cyclone objects are indicated in orange contours, cyclone tracks in orange thin lines and crosses mark their location at 12 UTC. The 421 
thick black contours denote sea ice concentration of 15%. Five-day back trajectories initialized at 12UTC from the surface (50hPa 422 
AGL) at equidistant spacing of 30km within a circle (1000 km radius) around the location of Oden (yellow star) are shown with 423 
green lines (green tone indicates the atmospheric pressure along the air parcels; black crosses show the location at -1d prior to 424 
arrival). Significance of anomalies is assessed using a Monte Carlo test: daily means are randomly sampled 1000 times over the 425 
climatological period. Daily anomalies exceeding the 5-95th percentile range are considered significant.  426 

Figure 6 shows how the cloud developed during the day on June 7. The cloud base was initially very low (< 100 m, which is 427 

below the first range gate of the cloud radar). Around 09:00, the cloud base began to rise to approximately 150 m a.s.l. and 428 

remained roughly stationary throughout the day. The radar reflectivity indicates that the cloud top increased in altitude 429 

throughout the day from ≈ 200 m at 06:00 to ≈ 500 m at the end of the day. Note that a cirrus cloud was detected by the cloud 430 

radar around 7 km a.s.l. for the majority of the morning and intermittently during the afternoon (Fig. S6). However, it was not 431 

obvious from the photo records of the Helikite camera, indicating that the cirrus was likely optically thin.  432 
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Light snowfall was observed on the ground throughout the day, indicating that the cloud was a mixed-phase cloud. However, 433 

no direct in situ measurements with the Helikite could provide information on the ice water content.   434 

Three Helikite flights traversed the cloud between 10:07 and 22:16 UTC. In Fig. 6, the altitude of the Helikite is represented 435 

by the colored path, indicative of the measured concentration of aerosols (N186-3370). For context, in addition to the apparent 436 

depletion inside the cloud due to cloud droplet formation, we observe a decrease in N186-3370 at the surface throughout the day, 437 

possibly due to scavenging from snowfall and increasing concentrations above the cloud.  438 

 439 
Figure 6 Time series of the Helikite flight paths as a function of altitude during the three flights on June 7, 2023. The paths are 440 
colored according to measured N186-3370. Grey shading is the measured radar reflectivity, indicating the cloud’s presence. The black 441 
line indicates the measured cloud base from the ceilometer.  442 

 443 

4.2 Vertical distribution of aerosol properties and cloud droplets 444 

Figure 7 shows a snapshot of the atmospheric column during the third ascent of the day (from 19:09 to 20:06 UTC). In Fig. 445 

7a, we observe a temperature profile with a dry adiabatic lapse rate below the cloud and wet-adiabatic lapse rate inside the 446 

cloud. Starting just below cloud top (≈ 25 m), a temperature inversion marks the transition to the free troposphere and shows 447 

the presence of a warm air mass aloft. The temperature below the cloud ranged from -4.8 to -3.3 °C, within the cloud from -448 

5.8 to -4.8 °C and above cloud reached as high as + 0.7°C. The aerosol profile (N8-3370) indicates an average concentration of 449 

≈ 100 cm-3 between the surface and cloud base (Fig. 7b). From about 40 m below cloud, at 125 m, the concentration decreases 450 

to reach its minimum at the defined cloud base of 165 m. Inside the cloud, the 10-sec averaged N186-3370 does not exceed 6 cm-451 
3. At the top of the cloud, the aerosol concentration increases gradually between 400 and 440 m, while the cloud top was 452 

identified at 425 m. This 40-m thick layer corresponds to the entrainment zone (the thin, turbulent layer where dry free 453 

tropospheric air mixes into the cloud), located between the boundary layer and the free troposphere. In the free troposphere, 454 
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the aerosol concentration exceeds the boundary layer concentration with a maximum concentration (N8-3370) of up to about 350 455 

cm-3. The free tropospheric aerosol profile presents, in addition, a layered structure with concentration differences between the 456 

layer in the direct vicinity of the cloud and a layer located above 500 m. Examining the temperature and relative humidity 457 

profiles, we do not identify any major features or differences indicating a separation of air masses that could explain these 458 

observations, besides a small fluctuation in the temperature profile (i.e. slightly stronger temperature gradient) around 500 m. 459 

The profile of cloud droplets (Fig. 7c) shows an increasing number concentration with altitude for all droplets equal to or larger 460 

than 3 µm. In the upper part of the cloud, Nd is around 100 cm-3 with a maximum ≈ 130 cm-3. Throughout the day, the median 461 

Nd was 88 cm-3. Of the measured Nd, 25 % was equal to or higher than 107 cm-3 and 10 % was equal to or higher than 125 cm-462 
3. Such values are typically on the upper end of cloud droplet number concentrations observed in Arctic LLCs, but are realistic. 463 

For instance, from two years of continuous observations of aerosols and clouds at the Mount Zeppelin Observatory, Koike et 464 

al. (2019) reported a median Nd of 65 cm-3 between May and July, with a 75th quantile around 110 cm-3. In the present context, 465 

these observations indicate that unless all particles from the boundary layer, including nucleation mode sizes were activated, 466 

the aerosol concentrations observed in the boundary layer are not sufficient to provide CCN for all observed cloud droplets. 467 

Thus, a contribution of aerosols from another source (i.e., from above the cloud) is necessary to provide sufficient CCN for 468 

the cloud.  469 

 470 
Figure 7 Vertical profiles for the 3rd ascent (19:09 to 20:06 UTC) on June 7 of (a) Temperature (red) and relative humidity (blue) 471 
spatially averaged every 10 m, (b) aerosol number concentration from 8 to 186 nm at a 2minutes and 40 seconds time resolution 472 
measured with the mSEMS (brick) and 186 to 3370 nm at a 10-sec time resolution measured with the POPS (turquoise), (c) droplet 473 
number concentrations (30-sec resolution) for various sizes and total droplet concentration (black) measured with the LOAC. The 474 
cross on panel (b) represents the mean particle number concentration measured with the DMPS (15 to 870 nm) at ship level during 475 
the profile. The grey shading represents the defined cloud boundaries.   476 

 477 
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Based on the observed vertical profile of aerosols, we identified five different layers with distinct aerosol characteristics: the 478 

boundary layer, the cloud layer, the cloud-top entrainment zone, the free troposphere in the direct vicinity of the cloud, and 479 

above 500 m. The latter was only reached on the last of the three flights and therefore has fewer observations.  480 

We extracted the PNSD in each layer for all three Helikite flights from 10:10 to 22:15 UTC. The measured PNSDs are shown 481 

in Fig. 8b, while Fig. 8a provides an illustration to help the reader identify which vertical layer is associated with each PNSD. 482 

Starting from the surface, the boundary layer PNSD (blue) exhibited a bimodal distribution with an Aitken mode peaking at 483 

37 nm and a dominant accumulation mode at 125 nm. A distinct Hoppel minimum was located at 52 nm (exact value obtained 484 

from a distribution fit), indicating that the boundary layer aerosols have been cloud processed. This distribution was observed 485 

from the surface to the cloud base. In the cloud (green), the Aitken mode was identical to that in the boundary layer, but 486 

accumulation mode particles were activated into droplets and not sampled. The difference between boundary layer and in-487 

cloud distributions appeared at the Hoppel minimum, indicating activation of particles as small as ≈ 52 nm. The similarity of 488 

these size distributions confirms that the cloud was coupled to the surface and that aerosols were well mixed within these two 489 

layers. In the entrainment zone, we obtained only five mSEMS scans. These scans were obtained at the cloud top interface, at 490 

the base of the temperature inversion, and were identified because of their distinct shape that differed from the cloud and free 491 

tropospheric PNSDs. Although quite noisy, we observed an Aitken mode somewhere between 30 and 50 nm. The PNSD 492 

extended into an accumulation mode but with no distinct separation between the two modes. In the free troposphere, the PNSD 493 

exhibited a different shape compared to the boundary layer. In the lower part (< 500 m), the PNSD was dominated by an 494 

Aitken mode with a peak at 47 nm with an accumulation mode shoulder at 130 nm. We also observed a burst of nucleation 495 

mode particles during the first flight between 10:50 and 12:50 UTC when the Helikite remained within 50 m of the cloud top. 496 

This burst is indicative of new particles being formed in the direct vicinity of cloud top, which could be explained by increased 497 

UV irradiance due to the cloud’s reflection (Wehner et al., 2015), mixing of dry and wet air in the entrainment zone and 498 

potentially a supersaturation of precursor gases that could have been transported in updrafts (Kerminen et al., 2018; Wu et al., 499 

2021). Despite not observing these particles, nor a growth during the subsequent flights, these observations underline the 500 

potential of cloud-mediated NPF events in the free troposphere as a source of CCN in the Arctic. Without more detailed 501 

information on the composition of the particle precursors and direct observations of a growth event, we cannot speculate on 502 

the origin of this event or its impact on the aerosol population. Above 500 m, the PNSD exhibits a different shape from the 503 

one below 500 m. Because of limited sampling time, the PNSD looks noisier, but we can identify a similar accumulation mode 504 

as seen below 500 m. These particles seem to constitute an older background of the free tropospheric aerosol population. 505 

However, we see a smaller Aitken mode and no distinct Hoppel minimum. The reason for the difference between these two 506 

free tropospheric layers is not clear. As indicated earlier, we do not observe a distinct indication of a separation of air masses 507 

and back trajectory analysis suggests the same origins (Figs. 5 and S6). We can only hypothesize that the layer up to 500 m is 508 

more directly influenced by the cloud and the Aitken mode is the result of more recently formed particles directly above the 509 

cloud which then grew further.  510 
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Observations of the PNSD in the boundary layer, cloud, and lower free troposphere tend to indicate that aerosols within the 511 

boundary layer - and consequently at the surface - are representative of the population governing cloud microphysical 512 

properties. However, the number of observed cloud droplets cannot be explained solely by boundary layer CCN. The integrated 513 

aerosol number concentration above the Hoppel minimum (below the cloud) is ≈ 80 cm-3, which represents a gap of ≈ 50 cm-514 
3 (± 25, taking into account uncertainties of Nd measurements) compared to the observed droplet concentration.  515 

To understand how significant the contribution from the free troposphere is, we investigate more deeply the interface between 516 

the very top of the cloud and the free troposphere, i.e. the entrainment zone. There, the concentration of Aitken mode particles 517 

is greater than in the boundary layer but smaller than in the free troposphere, suggesting a mix of free tropospheric and 518 

boundary layer air, with some accumulation mode particles that are activated, and hence not sampled. To verify this hypothesis, 519 

we computed the mean of the low free troposphere PNSD (yellow) and in-cloud PNSD (green), assuming a one-to-one mixing 520 

ratio, and compared it to the entrainment zone PNSD. The resulting PNSD shows a good agreement with the observed PNSD 521 

in the entrainment zone (Fig. 8b, red dashed line) strongly supporting the idea that the air from the free troposphere is mixed 522 

downwards, contributing to the cloud’s CCN population. To further assess the contribution of the entrained air at the top of 523 

the cloud, we use a cloud droplet parametrization based on the PNSD measured in the boundary layer and an average of the 524 

boundary layer and free tropospheric PNSDs and compare the results to the in situ observations of cloud droplets.  525 

  526 

 527 
Figure 8 Particle number size distributions (corrected to standard temperature and pressure) measured in the boundary layer 528 
(PBL), cloud, entrainment zone (EZ) and free troposphere (FT) in the vicinity of the cloud and above 500 m between 10:10 and 22:15 529 
UTC on June 7, 2023. The full line represents the median of all distributions and the shading is the interquartile range. The dashed 530 
red PNSD represents the average of the in-cloud (green) and above cloud (yellow) size distribution. 531 
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4.3 Cloud droplet activation parametrization  532 

Here we used the methodology introduced in Sect. 2.6 to parametrize the number of droplets in the cloud using two different 533 

PNSD inputs. First, we used the boundary layer PNSD, which is in this case representative of the surface measurements. In a 534 

second set of parametrizations, we used the average distribution of the boundary layer and lower free tropospheric PNSDs 535 

(referred hereafter as EZ PNSD for simplicity), which is a proxy for the total aerosol PNSD in the entrainment zone and 536 

represents the cloud-top particle entrainment scenario. We applied the parametrization using the hourly updraft velocity fits 537 

from the Doppler Lidar between 10:00 and 23:00 UTC. While this approach is appropriate for a parametrization based on 538 

boundary-layer aerosol properties, it represents a simplification for the case including entrainment of aerosols at cloud top. In 539 

particular, the vertical velocity and supersaturation conditions near cloud top may differ substantially from those at cloud base, 540 

and cloud-top supersaturation can be influenced by different processes than the expansion of air in updrafts, notably by 541 

longwave radiative cooling. These processes are not explicitly represented in the present framework. However, due to the lack 542 

of direct constraints on cloud-top updrafts and radiatively driven supersaturation, a consistent characteristic velocity based on 543 

cloud base measurements is retained for both parametrizations. This limitation should be considered when interpreting the 544 

results and highlights the need for future studies to better account for such mechanisms when parametrizing cloud droplet 545 

formation in Arctic LLCs. 546 

The κ value was calculated as described in Sect. 2.6. Since the value obtained with this method depends on the considered 547 

supersaturation, the Dd (i.e. minimum dry diameter of activated particles) in the cloud was estimated from the difference 548 

between the in-cloud and boundary layer size distributions. The supersaturation of the cloud was then estimated by 549 

interpolating that from the CCNC for the two nearest Dd. The κ value was then calculated using Eq. (2) with the best estimates 550 

of Dd and supersaturation (details are shown in Fig. S7). 551 

The κ (based on ship-based measurements) was calculated as 0.58 with an uncertainty range from 0.57 to 0.66 corresponding 552 

to a supersaturation range between 0.35 and 0.49 %.  553 

To account for the uncertainty range in the κ-value and the unknown κ-value of free tropospheric aerosols, we performed a 554 

sensitivity analysis with an extended range of values between 0.5 and 0.9. Results indicate no significant difference for each 555 

end of the κ-value range for parametrizations with the boundary layer PNSD input. The median Nd ranges from 67 to 70 cm-3 556 

(see Fig. S8a). For the parametrizations with the EZ aerosols, results of the sensitivity analysis range between 117 and 130 cm-557 
3.   558 

Another sensitivity analysis was performed on the characteristic velocity (w*) where different coefficients of σ were used to 559 

account for the uncertainties related to processes controlling the supersaturation in our comparison (see Fig. S8b). We observe 560 

a similar behavior as for the sensitivity test on κ-values, where Nd is almost not sensitive to different coefficients of σ for 561 

parametrizations with the boundary layer PNSD. For parametrizations with the EZ aerosols, the median ranges from 116 to 562 

133 cm-3. Overall, parametrizations with the EZ aerosols show slightly higher sensitivity to κ and w* but the absolute Nd 563 

difference between the two scenarios remains within the same order of magnitude (i.e., a difference ranging between ≈ 50 to 564 
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60 cm-3). The higher sensitivity to κ and w* suggests that with the contribution of free tropospheric CCN, the cloud was in an 565 

updraft-limited regime but if we only consider the boundary layer aerosols, the number of cloud droplets would be more limited 566 

by the availability of CCN within the tested range of κ and w* as an increase in the updraft velocity or κ did not lead to an 567 

increase in Nd (or is only limited).   568 

In Fig. 9, we see results of (a) Nd and (b) maximum supersaturation (ssmax) for parametrizations with a κ of 0.58 and w* = 0.79σ 569 

(center estimates). The median Nd for boundary layer and EZ aerosols is 68 and 122 cm-3, respectively, which represents an 570 

increase of 80 % for the EZ scenario. The ssmax is lower for the parametrization with EZ aerosols, because of the higher number 571 

of CCN but the values remain similar to the estimated ssmax range from the κ-value calculations (see Fig. S8).  572 

The Nd results from the parametrization show a very good agreement between the EZ scenario and the in situ observations 573 

with concentrations around 100 cm-3 and occasionally over 130 cm-3 (Fig. 7). This confirms the significant influence of 574 

entrained free tropospheric aerosols on the cloud’s microphysics.  575 

          576 

 577 
Figure 9 (a) Boxplot of droplet numbers from the aerosol activation parametrization using the boundary layer PNSD (blue) and 578 
entrainment zone PNSD (dark red) as inputs. The horizontal dashed lines represent the 50th, 75th and 90th percentiles of cloud droplet 579 
concentrations observed with the LOAC. (b) Parametrized maximum supersaturation with the two different PNSD inputs. The 580 
boxplots represent the median and interquartile range, the whiskers’ length equals to 1.5 times the interquartile range. 581 

4.4 Influence of the free tropospheric aerosols on the cloud longwave radiative forcing 582 

The longwave radiative absorption, re-emission and transmission through a cloud are a function of the cloud’s optical depth, 583 

cloud phase, droplet size and emitting temperature (Stephens, 1978). The longwave flux follows the Stefan-Bolzmann 584 

relationship: 585 

𝐹𝐹 =  𝜀𝜀𝜀𝜀𝑇𝑇4,                    (6) 586 

where F is the radiation flux, ε is the apparent emissivity, σ (5.67 × 10-8 W m-2 K-4) is the Stefan-Bolzmann constant and T is 587 

the emitting temperature in Kelvin. The emissivity is a function of the longwave optical depth and is often specified as a 588 

function of the LWP,  589 
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𝜀𝜀 = 1 − 𝑒𝑒(−𝑎𝑎0𝐿𝐿𝐿𝐿𝐿𝐿),                                                            (7) 590 

wherein a0 (m2 g-1) is the mass-absorption coefficient (Stephens, 1978). For a cloud with a LWP between roughly 30 to 50 g 591 

m-2, the emissivity approaches unity (Shupe and Intrieri, 2004). Although it is not explicitly included in Eq. (7), the effective 592 

radius of cloud droplets can alter emissivity for non-opaque clouds (Garrett et al., 2002; Garrett and Zhao, 2006). This effect 593 

has been found to be negligible at the global scale (Rotstayn and Penner, 2001) but observations suggest that the effect can be 594 

significant for Arctic clouds where the longwave warming effect is dominant and where CCN concentrations are typically 595 

orders of magnitude lower than in the midlatitudes (e.g., Curry and Herman, 1985; Garrett et al., 2002; Garrett and Zhao, 596 

2006). 597 

Here, we use idealized RTM to examine how additional CCN originating from the free troposphere modify the cloud’s 598 

emissivity and surface longwave radiative forcing through their impact on cloud droplet number concentrations (c.f. Sect. 2.7). 599 

We focus on the longwave part of the radiation spectrum to specifically evaluate the difference in emissivity for different Nd. 600 

Simulations were performed omitting the ice phase since we do not have direct measurements of the ice water content and 601 

because the longwave emissions are largely dominated by the liquid droplets (Curry et al., 1993; Hofer et al., 2024). 602 

The RTM simulation was run using data at 11:30 and 17:30 UTC (radiosonde launches) with LWPs for the first and second 603 

profiles of 26.2 g m-2 and 37.9 g m-2, respectively. Fig. 10a shows results of longwave radiative forcing for simulations with 604 

different cloud droplet number concentration profiles. The longwave forcing was determined by computing the difference in 605 

downwelling longwave radiation (LW↓) between cloudy conditions and a cloud-free (cloud was removed) scenario. The 606 

cloud’s microphysical properties were based on the Nd parametrization outputs from Sect. 4.3 (located on each side of the grey 607 

stripe in Fig. 10), representing a scenario with and without free tropospheric CCN contribution. We also extended the 608 

simulation to lower and higher Nd to create broader context for the interpretation of the results. The reff profiles typically 609 

increase with height inside the cloud because of the increase in LWC near cloud top.  610 

The reff values at cloud base are around 1 µm and range between ≈ 5 µm and 18 µm at cloud top. for profiles with the lowest 611 

and highest Nd, respectively. An example of the corresponding reff profiles for the data at 11:30 UTC is shown in Fig. S9. 612 

Results from the RTM remain within 10 W m-2 from surface-based observations on the ice, an uncertainty which is to be 613 

expected for such simulations (Lonardi et al., 2024; Mauritsen et al., 2011). Because of these uncertainties, our analysis focuses 614 

mainly on the absolute difference between the various simulations, and we do not use the observations to directly validate the 615 

simulated values.  616 

The average difference for simulations with Nd = 68 and 122 is equal to 1.3 W m-2. This difference accounts for ≈ 2 % of the 617 

longwave cloud forcing in this range of Nd (and measured LWP). By rearranging Eq. (6), we can calculate the cloud’s apparent 618 

emissivity from the longwave radiation results. Apparent emissivity values are generally high (between 0.89 and 0.95 for Nd 619 

∈ [68, 122]) and Fig. 10b shows that the emissivity is slightly higher for the later profile (dark blue points), which is consistent 620 

with the increase in LWP between 11:30 and 17:30 UTC.  621 

To put these results in perspective, we compare them to the study of Garrett and Zhao (2006) who performed a similar analysis 622 

but compared clouds affected by local anthropogenic pollution to clouds formed in clean background conditions over four 623 
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years of observations at Utqiagvik (Alaska). They reported increased longwave radiative forcing between 3.3 and 5.2 W m-2 624 

due to the increased cloud droplet concentrations when clouds were affected by pollution. They reported an average Nd of 53 625 

cm-3 and a LWP of 31.1 g m-2 for clean conditions and 153 cm-3 and 33.5 g m-2 for polluted conditions. While the LWP is 626 

similar to the LWP of our case study, the observed increase of droplets is larger in their study (≈ 3 times more droplets between 627 

the two scenarios). We performed additional simulations with Nd = 53 and 153 cm-3 to compare our case study with their results 628 

and observe an increase in the cloud’s longwave radiative forcing between 2.5 and 3.4 W m-2. The similarity of our results 629 

indicates that the influence of free tropospheric CCN sources on Arctic cloud radiative properties may be as important as the 630 

perturbations from local anthropogenic sources.   631 

Further examining the simulations with even fewer or more droplets, i.e. beyond the grey bar in Fig. 10a, we find that the 632 

cloud’s emissivity and radiative forcing exhibit the greatest sensitivity to Nd for values at low concentrations (< ≈ 70 cm-3). As 633 

the concentration increases, the emissivity tends to approach a maximum for the given LWP and cloud’s temperature. 634 

Conditions with low aerosol concentration (< 100 or even < 10 cm-3) are commonly observed in the central Arctic year-round 635 

(e.g., Bigg et al., 1996; Boyer et al., 2023; Lannefors et al., 1983). Hence, under those conditions, the impact on the radiative 636 

properties of a cloud from the presence of enhanced aerosol layers located above becomes important and model representations 637 

of clouds based on surface-based measurements will lead to a negative longwave forcing bias. This is especially true for clouds 638 

with low LWP, e.g., during foggy conditions in the marginal ice zone and in summer and fall over the sea ice. For reference, 639 

during ARTofMELT, 50% of the measurements indicated a LWP below 27.9 g m-2 and 25% below 12.3 g m-2. It is important 640 

to note, however, that while higher aerosol concentrations above the boundary layer/cloud-top are likely common, they are not 641 

universal and concentrations might also be lower.  642 

 643 
Figure 10 (a) Simulated longwave cloud forcing at the surface as a function of cloud droplet number concentration for the radiosonde 644 
of 11:30 (dark yellow points) and 17:30 (dark blue points) on June 7th, 2023. (b) Calculated cloud’s emissivity for different cloud 645 
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droplet profiles. The grey shaded region helps to identify and compare results of cloud droplet number concentration from the 646 
parametrization presented and discussed in Sect. 4.3. 647 

5  Conclusions  648 

This study has examined vertical in situ measurements of particle number size distributions, cloud droplets number 649 

concentrations and meteorological variables collected with an instrumented Helikite from the icebreaker Oden between May 650 

16 and June 10, 2023, as part of the ARTofMELT expedition. The primary objective was to evaluate the importance of free 651 

tropospheric aerosol sources to form and sustain Arctic LLCs and see to what extent the entrainment of these particles could 652 

impact the microphysical and radiative properties of the clouds.  653 

In total, five clouds were profiled up to and above their tops, allowing for observations of particle number size distributions 654 

below, within, and above the clouds. Four of the five cases indicated enhanced aerosol concentrations above the cloud, which 655 

is consistent with previous observations in the Arctic and illustrates the importance of considering elevated aerosol sources for 656 

forming and sustaining clouds.  657 

We selected a cloud observed on June 7th for a detailed case study. The analysis revealed a complex vertically-layered aerosol 658 

structure with several distinct particle size distributions. Starting from the surface, we observed a relatively constant 659 

concentration profile, with characteristics of cloud processing, up to the cloud base. Inside the cloud, the interstitial fraction of 660 

these aerosols was measured, indicating mixing between the surface and the cloud. Above the cloud, an aerosol population 661 

with concentrations 2 to 3 times greater than below the cloud was observed, extending about 100 m above the cloud top. The 662 

PNSD was dominated by an Aitken mode but no Hoppel minimum indicating the absence of recent cloud processing. At the 663 

cloud top, between free tropospheric and cloud air, we observed a size distribution corresponding to a mixture of the in-cloud 664 

and above-cloud PNSDs, indicating that the two air masses from above and within the cloud were mixed, entraining free 665 

tropospheric aerosols into the cloud. The analysis of the cloud microphysical properties indicated that the aerosol particles 666 

measured in the boundary layer did not constitute a sufficiently large source of CCN to form the observed amount of cloud 667 

droplets, requiring an additional source from the free troposphere.   668 

The impact of the free-tropospheric source was evaluated using an aerosol activation parameterization based on the PNSDs 669 

measured in the boundary layer and in the entrainment zone. Parametrizations including aerosols from the free troposphere in 670 

addition to from the boundary layer produced 80% more cloud droplets than parametrizations based solely on boundary-layer 671 

aerosols, matching the in situ observations of Nd and confirming the significant contribution of the free tropospheric CCN 672 

source. Hence, while the cloud was coupled to the surface and aerosols were well-mixed throughout the boundary layer, 673 

measurements at the surface only captured particles that had been processed in the cloud and the information on the entrainment 674 

of a different aerosol population at cloud top could not be obtained from those surface-based measurements.  675 

Radiative transfer modeling indicated a marginal increase in surface cloud longwave radiative forcing for a scenario where the 676 

effect of entrained aerosols at cloud top on the cloud droplet concentration was considered (≈ 2 % of the total surface longwave 677 

radiative forcing). However, extended simulations with different cloud droplet number concentrations showed a higher 678 
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sensitivity of the longwave radiative forcing at low Nd (< 70 cm-3). Results from these simulations suggest that under conditions 679 

where near-surface aerosol concentrations are low (e.g., < 100 cm-3 or even < 10 cm-3, including also non-activating particles), 680 

aerosol above cloud top can have a significant impact on cloud radiative properties and model representations based on surface-681 

based measurements might lead to significant biases with respect to cloud radiative forcing. In addition, while we kept the 682 

LWP constant for all simulations, a lower LWP will generally make a cloud more sensitive to Nd, which means that the free 683 

troposphere as source of aerosols really matters.  684 

More generally, while the results of this study are based on a limited amount of data, our findings demonstrate that above the 685 

sea ice, where aerosol sources can often be limited, aerosols above clouds can constitute a significant source of CCN and INPs 686 

and their entrainment is important to consider. It is also important to note that our study presents limitations regarding the 687 

simulation of supersaturation conditions at cloud top but a sensitivity analysis of the cloud’s characteristic updraft velocity 688 

(which drives the supersaturation in the cloud) indicates that our conclusions hold true even for different supersaturations. 689 

These limitations should hence be considered for the improvement of Arctic LLCs in models, which should consider sources 690 

aloft and the entrainment mechanisms into the cloud, from above.     691 

Here, we focused on the number of cloud droplets and their effective radius and how they affected the cloud longwave radiative 692 

forcing. To obtain a complete understanding of the role of free tropospheric aerosols on Arctic LLCs, future studies should 693 

also focus on how the total condensate and the phase partitioning of clouds are affected and consequently their total radiative 694 

forcing and lifetime. More observations combining radiation measurements and detailed in situ aerosol measurements 695 

including INPs and cloud microphysical properties (i.e., cloud droplets and ice crystals) are essential to improve our process 696 

understanding of Arctic mixed-phase clouds and their representation in models.     697 

 698 

Data availability 699 

All datasets used in this study can be accessed on the Bolin Centre for Climate Research database following this link: 700 

https://bolin.su.se/data/oden-artofmelt-2023/. The individual DOI entries are listed here. 701 

Tethered-balloon vertical in situ measurements: https://doi.org/10.17043/oden-artofmelt-2023-aerosols-vertical-1 702 

Ship-based aerosol measurements: https://doi.org/10.17043/oden-artofmelt-2023-aerosol-source-samples-1 703 

Radiosonde profiles: https://doi.org/10.17043/oden-artofmelt-2023-radiosonde-1 704 

Cloud radar data: https://doi.org/10.17043/oden-artofmelt-2023-cloud-radar-1 705 

Ceilometer cloud base heights: https://doi.org/10.17043/oden-artofmelt-2023-ceilometer-cloudnetpy-1  706 

Halo lidar: https://doi.org/10.17043/oden-artofmelt-2023-halo-lidar-1 707 

Ice-station meteorological measurements: https://doi.org/10.17043/oden-artofmelt-2023-surface-meteorology-ice-station-1 708 

Ship-based meteorological measurements: https://doi.org/10.17043/oden-artofmelt-2023-weather-station-1 709 

Backward trajectory data: https://doi.org/10.17043/oden-artofmelt-2023-trajectories-backward-circle-1 710 

The data from the LOAC and from the ship-based DMPS can be obtained upon request by contacting the author and is currently 711 

being prepared for publication on the Bolin data Centre.  712 
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