10

15

20

25

30

35

Influence of air mass origin on microphysical properties of low-

level clouds in a subarctic environment.
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Abstract: In this work, an analysis was performed to investigate how different long-range transport air
masses can affect the-oceurrenee—and-the microphysical properties of low-level clouds in a clean
subarctic environment. The cloud measurements eemprised-included in-situ and remote sensing ground-
based techniques and were conducted during eight Pallas Cloud Experiments (PaCE) held in the autumn
between 2004 and 2019. Each PaCE was carried out at the Pallas Atmosphere — Ecosystem Supersite,
located in the Finnish subarctic region. Two cloud spectrometer ground setups were installed on the
roof of the station to measure cloud microphysical properties: the Cloud, Aerosol and Precipitation
Spectrometer probe (CAPS) and the Forward Scattering Spectrometer Probe (FSSP). Air mass histories
were analyzed using the Lagrangian particle dispersion model FLEXPART in order to investigate the
differences between five distinct source regions (Arctic, Eastern, Southern, Western and Local). \We

observed clear differences in the cloud microphysical properties for the air mass source regions. Arctic

air_masses were characterized by low liquid water content (LWC), low cloud droplet number

concentration (Nc), and comparatively large median volume and effective droplet diameter. Western

region (marine North Atlantic) differed from Arctic by both higher N. and LWC. Eastern region

(continental Eurasia) had only a little higher LWC than Arctic, but substantially higher Nc and smaller

droplet diameter. Southern region (continental Europe) had high Nc and LWC, and very similar droplet

diameter to the Eastern region. Finally, the relationship between N and droplet size (i.e., the Twomey

effect) was characterized for the different source regions, indicating that all region clouds were sensitive

to increases in Ne.
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1. Introduction

Uncertainties in cloud processes and feedbacks are key challenges when developing climate
projections (e.g., Boucher et al., 2013; Sherwood et al., 2020). Cloud microphysics and their dynamics
are considered as a fundamental challenge (Morrison et al., 2020) due to their connection to the cloud
radiative effect (e.g., Devenish et al., 2012; McFarquhar et al., 2020). Thus, it is necessary to distinguish
between the effects of aerosol and varying meteorological conditions on clouds (Barthlott and Hoose,
2018) since the aerosol is influenced through meteorology by air mass history as well as cloud and
precipitation processes (Rosenfeld et al., 2014). Long-range transport is significant when investigating

the characteristics and the spatial distribution of aerosols (e.g., Raatz and Shaw 1984; Barrie 1986;

Freud et al., 2017; Wang et al., 2020; Lee et al., 2022). Bue-to-insufficient-knowledge-of-the-cloud

dyvnami nd-the inte on—-between—aereso nd oud aa Painam a 014 Orbe e

2045a;Fuechs-etak2017 Che-etak2021) it It is important to understand how different air masses

can influence the aerosols and the cloud microphysics (e.qg., Painemal et al., 2014; Orbe et al., 2015a;

Fuchs et al., 2017; Cho et al., 2021). Investigating subarctic clouds is of particularly high interest due

to the Arctic amplification effect, since the Arctic surface energy budget and Arctic warming feedback
are affected by cloud related radiative processes (e.g., Wendisch et al., 2019, Shupe at al.,2022).
Several observation efforts and experiments have been made to explore how air masses affect
climate and the cloud macrophysical and microphysical properties -(e.g., Hobbs and Rangno 1998;
Gultepe et al., 2000; Orbe et al.,2015b; Solomon and Shupe 2019; Delgado et al., 2021). Hobbs and
Rangno (1998) highlighted that air masses from the south resulted in the highest overall aerosol number
concentration measured in altocumulus clouds over the Beaufort Sea. Gultepe et al. (2000) stated that
Acrctic clouds were affected by the air mass origin, which was strongly related to aerosol properties,
dynamical and thermodynamical parameters. Gultepe and Isaac (2002) studied the cloud microphysics
over the Arctic Ocean and found that there were differences in the number concentration, liquid water
content and effective radius of Arctic clouds in air masses originating from the Arctic and Pacific
Oceans. After investigating the air mass origin seasonality Orbe et al. (2015a) revealed that the northern
hemisphere summer air-mass origin response to increases in greenhouse gases (Orbe et al., 2015b).
Fuchs et al., (2017) highlighted the impact of air mass origin and dynamics on cloud property changes
in the Southeast Atlantic during the biomass burning season based on a cluster analysis of 8 years of
September data. Solomon and Shupe (2019) presented a case study of a sharp transition between high
ice clouds and the formation of lower stratocumulus from Summit, Greenland, when a warm and moist

air mass was advected to Greenland from lower latitudes. Iwamoto et al. (2021), using measurements
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from a high mountain site located in Japan, showed that the cloud droplet number concentrations were
significantly higher in continental air masses than in air masses from the Pacific Ocean. Patel and Jiang
(2021) combined measurements of aerosol properties from a site located in Lamont, Oklahoma, with
cluster analysis of back trajectories to study aerosol characteristics and their influences on cloud
condensation nuclei (CCN) under various air mass environments and suggested that information on the
aerosol chemical composition and mixing state are more crucial at lower supersaturations. Delgado et
al. (2021), using aerosol and cloud measurements from a site in a tropical montane cloud forest on the
Caribbean Island of Puerto Rico, suggested that air masses that arrived after passing over areas with
anthropogenic emissions led to clouds with much higher cloud droplet concentrations. Cho et al. (2021)
investigated wintertime cloud properties and radiative effects in connection with cold and warm air
mass origins at Ny-Alesund, Svalbard, using remote sensing measurements with cloud radar, ceilometer
and microwave radiometer, and revealed that the effective radius of iee—cloud particles in warm
advection cases was approximately 5-10 um larger than that of cold advection cases at all altitudes.
One of the few sites that enables long-term in situ observations of cloud and aerosol properties
in arctic and subarctic air masses is the Pallas Global Atmospheric Watch (GAW) station in northern
Finland (e.g., Lihavainen et al., 2008; Hyvérinen et al., 2011; Anttila et al., 2012; Raatikainen et al.,
2015; Gérard et al., 2019; Girdwood et al., 2020, 2022). However, after the initial case study
(Lihavainen et al., 2008), which indicated a clear Twomey effect depending on air mass origin, no
subsequent concerted study has investigated the effect of air mass origin on cloud microphysical

properties at PaHas-Pallas. In the Arctic, during autumn, the ultrafine aerosol number concentration and

the occurrence of clean, natural Arctic background conditions is significantly increasing (Pernov et al.,

2022). Subsequently, this allows us to -Here—we-focus_in this work on quantifying the impact of air

mass origin (e.g., clean arctic vs. long-range transported air from continental Europe) on the

microphysical properties of low-level clouds and their patterns based on measurements at the Pallas

GAW station. To our knowledge, this is the first study that was performed in a subarctic environment

and connects extensive in situ cloud measurements to air mass origin. Size distribution is considered as

one of the most important parameters of the cloud system due to its impact on the dynamics and
microstructures within the cloud (lgel et al., 2017a, b). Measuring cloud microphysical properties, such
as the median volume diameter and liquid water content, is of high importance for the identification
and description of clouds (Pruppacher and Klett, 1977; Rosenfeld and Ulbrich, 2003; Donovan et.al.,
2015), cloud radiative properties and lifetime (Albrecht 1989; Small et al., 2009;), and the probability
for which clouds precipitate (Rosenfeld and Ulbrich, 2003; Chang et al., 2019). We used in situ low-
level cloud measurements from two ground-based cloud spectrometers from eight different years of

campaigns to obtain the cloud droplet size distribution. A lidar ceilometer was used to monitor the cloud

base. The FLEXible PARTicle (Flexpart) dispersion model was used to analyze the air mass history. A
description of the measurement site and the instrumentation, as it was installed, is given in Sect. 2.1 and

2.2. Subsequently, in Sect. 2.3, a general overview of the campaigns is presented. In Sect. 2.4, we

3



present how the backward trajectories were calculated. In Sect. 3, the optimal threshold of travelling air

masses within a region to represent an air mass type is identified, and a detailed analysis is made to find

out to what extent the air mass type influences the microphysical properties of the low-level clouds.

Finally, in Sect. 4, we summarize our main conclusions.

115

2. Methodology
2.1 Sampling Station

120 The measurements were conducted in subarctic Finland at the Pallas Atmosphere — Ecosystem Supersite
(67°580 N, 24°070 E), hosted by the Finnish Meteorological Institute. The site where the ground-based
cloud spectrometers were installed was the Sammaltunturi station, located on a hilltop, 565 m above

sea level (ASL) (Hatakka et al., 2003). The site where the ceilometer was installed was the Kenttérova
station, 347 m ASL, located at the foot of the same hill (Fig.1). A full description of the Pallas

125 Atmosphere — Ecosystem Supersite can be found in Lohila et al. (2015).
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Figure 1. a) Map of Finland showing the location of the Pallas Atmosphere — Ecosystem Supersite
(vellow hutblaek-eress), and (b) map of the wider Pallas area showing the location of Sammaltunturi
(yellow hut)-and Kenttérova (yellow circlesblack-eresses) {stations (© Google Maps).

2.2 Instrumentation

The instruments that were used in this study are listed in Table 1, together with the measured and derived
parameters, their uncertainties and their location. During PaCEs, we used ground-based in situ cloud
spectrometers to monitor the cloud droplet size distribution, which has been recognized as a valid
method for continuous cloud in situ measurements in the Aerosol, Clouds and Trace Gases Research
Infrastructure (ACTRIS) network (Wandinger et al., 2018). Four microphysical parameters were
derived from the measured size distribution (Droplet Measurement Technologies Manual, 2009;

Doulgeris et al., 2020): the cloud droplet number concentration (Nc, cm®), the median volume diameter
(MVD, um) and effective diameter (ED, um) of cloud droplets, and the cloud liquid water content
(LWC, gm?™).

Two ground-based spectrometers were usedinstalled on the roof of Sammaltunturi station: the

cloud, aerosol and precipitation spectrometer (CAPS) and the forward-scattering spectrometer probe

5
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(FSSP-100, hereafter called FSSP for simplicity) (Fig. 2). CAPS was made by Droplet Measurement
Technologies (DMT), Boulder, CO, USA). FSSP-100 (model SPP-100, DMT) was initially
manufactured by Particle Measuring Systems (PMS Inc., Boulder CO, USA) and later acquired by
DMT. The CAPS probe includes three instruments: the cloud and aerosol spectrometer (CAS), the cloud
imaging probe (CIP), and the hot-wire liquid water content (LWChw) sensor. Only CAS data were used

during this work. The size range of the CAS extends from 0.51 to 50 um and that of the FSSP from 0.5
to 47 pm in diameter. In both CARS and FSSP, the main measurement principle for the size detection
is based on a conversion of the forward scattering of light into a size bin using Lorentz—Mie theory
(Mie, 1908). Their main difference was that the CARS was fixed and always heading to the main wind
direction of the station (southwest, ~ 225), whereas the FSSP-100 was deployed on a rotating platform
to continuously face the wind. A description of both ground setups, installation, limitations and the
methodology that was used is documented in Doulgeris et al. (2020) and Doulgeris et al. (2022). The

instrument that monitored the cloud base was a lidar ceilometer that was deployed at Kenttarova site

(model CT25K, Vaisala Oyj, Vaisala users guide, 2002; Emeis et al., 2004), except in 2019 when it was
replaced by a model CL31, Vaisala Oyj. The meteorological variables were monitored by an automatic

weather station (model Milos 500, Vaisala Oyj) that was deployed at Sammaltunturi site. All the

weather sensors that were used in this work were described in Hatakka et al. (2003). The temperature
was measured at 570 m ASL by a PT100 sensor, the horizontal visibility by a weather sensor (model
FDP12P, Vaisala Oyj), the relative humidity by a HUMICAP (Vaisala Oyj), the barometric pressure by
a BAROCAP (Vaisala Oyj) sensors, the wind direction by a heated wind vane and the wind speed by a
heated cup (Vaisala Oyj).

a) o

Figure 2. a) CAPS and b) FSSP-100 ground setups as installed on the roof of Sammaltunturi station
during PaCE 2017.

TABLE 1: Instrumentation that was used during PaCE along with measured and derived parameters,
their sampling frequencies, accuracy of the instruments and the location that were installed.



Instrument Measured, derived Sampling Accuracy Location References
parameters frequency
CAS, DMT Number size 1s at ambient droplet Sammaltunturi Doulgeris et al., 2020,
distribution of concentrations of 2022.
cloud droplets 500 cm3, Baumgardner 2001.
(0.51 to 50 pum); 27 %undercounting Lance (2012)
derived 20 %30 %
parameters oversizing
Nc, LWC, ED,
MVD
FSSP, DMT Number size 1s Nc accuracy: 16 % Sammaltunturi Doulgeris et al., 2020,
distribution of sizing accuracy: =3 2022
cloud droplets pm Brenguier 1989
(0.5 to 47 pm); LWC accuracy: 30 Baumgardner et al. (2017)
derived %-50 % Baumgardner (1983)
parameters
Nc, LWC, ED,
MVD
Ceilometer Cloud base 60s +2 % +1/2x Kenttarova Vaisala users guide, 2002,
CT25K, altitude (resolution) Emeis et al., 2004
Vaisala
FD12P, Horizontal 60s +10% at 10 — Sammaltunturi Hatakka et., al 2003
Vaisala visibility 10.000 (m)
PT100 Temperature 60s +0.1(°C) Sammaltunturi Hatakka et., al 2003
Sensor,
Vaisala
HUMICAP Relative humidity 60s +0.8(%) RH Sammaltunturi Hatakka et., al 2003
sensor,
Vaisala
BAROCAP Barometric 60s +0.15(%) (hPa) Sammaltunturi Hatakka et., al 2003
Sensor, pressure
Vaisala
Wind vane, Wind direction 60s +3 (%) Sammaltunturi Hatakka et., al 2003
Vaisala
Heated cup, Wind speed 60s +0.17 (ms™) Sammaltunturi Hatakka et., al 2003
Vaisala

2.3 Sampling campaigns

175
Measurements used in this study were conducted during the Pallas Cloud Experiments (PaCE). A
description of the dataset (microphysical properties of clouds along with meteorological variables) that
was obtained during PaCEs are available in Doulgeris et al. (2022). The PaCEs were approximately
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two-month-long field campaigns conducted in the Finnish subarctic region at the Sammaltunturi station
during autumn and lasted approximately from the beginning of September until the end of November.
The reason for this choice was that during autumn the Sammaltunturi station is frequently inside a cloud,
which allowed us to perform ground-based, continuous in situ cloud measurements (Hatakka et al.,
2003). An overview of each campaign along with the availability of instruments and the hours of
observations in cloud are presented in Table 2. During PaCEs, all measurements were performed with
a 1 Hz acquisition frequency. For the data analysis, averages per minute from each instrument were
calculated when the measuring site was inside a cloud. Each cloud event was inspected separately.
Afterwards, in-situ cloud data were related to the air mass origin and classified accordingly. We only
used measurements when the cloud spectrometers were facing the wind direction, as suggested by
Doulgeris et al. (2020). Thus, since the CAS was fixed, data when the CAS was not facing the wind

direction were disqualified from further analysis.

Fine particles at the Sammaltunturi are expected to be dominated by sulphate and particulate
organic matter in continental air masses, while particulate organic matter, sodium and chlorine are the
main components in marine air masses (Lihavainen et al., 2008, Brus et al., 2013a). Also, episodes of
elevated concentrations of SO, and H,SO. are possible in air masses arriving from the Kola Peninsula,
which is a large source of SO, emissions (Kyro et al., 2014; Sipila et al., 2020, Brus et al., 2013a, b).
Elevated SO, concentrations and particle number concentrations in the accumulation-mode (0.1-1 pm
in diameter) of the mass size distribution are also expected from air masses travelled over continental
Europe. Total aerosol particle number concentrations at Sammaltunturi are typically low (average of
700 cm3, in winter the daily averages may drop below 100 cm™) (Hatakka et al., 2003; Komppula et
al., 2003). Generally, in Finnish Lapland, aerosol particle number concentrations are expected to be the
highest in air masses arriving from the Kola Peninsula (more than 1000 cm ) and the lowest in marine
air masses, especially in air originating from the Arctic Sea (often less than 100 cm™) (Lihavainen et
al., 2008). Higher particle number concentrations in the accumulation mode are also expected in air
masses which have travelled over the continental Europe (Virkulaetal., 1997). In Sammaltunturi, cloud
condensation nuclei (CCN) concentrations are smaller than 100 cm for supersaturations from 0.1 to
0.5%. The aerosol particle population is dominated by the Aitken mode (30—100 nm in diameter) and a
low hygroscopicity is expected (Paramonov et al., 2015).

TABLE 2: Overview of each campaign, including the starting and ending date, the availability of the

ground cloud spectrometer probes and the ceilometer.-medel.

Year | Starting | Ending CAS FSSP Ceilometer | Cloud Observations | Cloud Observations
date date CAPS (hours) FSSP (hours)

2004 25.10. 07.11. Not available On site CT25K - 42

2005 30.09. 05.10. Not available On site CT25K - 454
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2009 11.09. 09.10. Not available On site CT25K - 342
2012 14.09. 30.10. On site On site CT25K 4775 50
from 09.10

2013 14.09. 28.11. On site On site CT25K 483.5 492.6
from 15.10

2015 24.09. 02.12. On site On site CT25K 528.4 561.9
from 06.10

2017 18.09. 29.11. On site Not available CT25K 681.8 -

2019 20.09. 24.11. On site Not available CL31 479.6 -

2.4 Classification of air mass origin

Air mass origins were analyzed using the Lagrangian particle dispersion model FLEXPART version
10.4 (Seibert and Frank, 2004; Stohl et al., 2005; Pisso et al., 2019). FLEXPART was run backward in
time to calculate potential emission sensitivity (PES) fields. PES in a particular grid cell is proportional
to the air mass residence time in that cell and was calculated in units of seconds (Seibert and Frank,
2004; Pisso et al., 2019). ERAS reanalysis by European Centre for Medium-Range Weather Forecasts
(ECMWEF) was used as meteorological input fields for FLEXPART at 1 hour temporal resolution and
0.25° resolution in latitude and longitude. In vertical, ERA5 levels 50 to 137 were used, which
corresponds approximately to the lowest 20 km above surface. The model domain was from 125° W to
75° E and 10° N to 85° N, which was large enough to contain 96 h simulations backward in time.
FLEXPART runs were initiated at an hourly time resolution for the in-cloud measurement periods at
Sammaltunturi. The retro plume release height was set to 560-660 m ASL, as the terrain height in ERA5
at the site was approximately 300 m ASL. The PES output resolution was set to 0.2° latitude and
longitude with a 250-m height resolution up to 5 km and two additional output levels at 10 km and 50
km.

The air mass source regions for the Sammaltunturi site were divided into five categories: Arctic,

Eastern, Southern, Western and Local (Fig. 3).;The division was based on previous studies that were
conducted at Sammaltunturi (e.g., Aalto et.al., 2003; Eneroth et al., 2005, Tunved et al.,2006, Asmi et

al.,2011). Initially, the regions were classified using trajectories cluster analysis, following the method

as Eneroth et al. (2003) proposed as-propesed-by-Asmi-etal—+2041). The choice of sectors represents

roughly the characteristics of the region. The Arctic and Western regions represent marine areas,

whereas the Eastern, Southern and Local regions represent continental areas. Figure 5a-4 illustrates an
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example case for air masses arriving on 20.09.2012 at 11:00 UTC at Sammaltunturi. In Fig. 4a PES is
summed up for the full duration of the 96-hour backward simulation and for all output heights at each
latitude-longitude grid cell. Fig. 4b displays the vertical distribution of PES during the simulation.
However, the information in Fig. 4b is not used in further analysis, but fraction of PES in each source
region is calculated based on the integrated data presented in Fig. 4a. For the case in Fig. 4a, this results
in PES fractions of 42% Local (area V), 35% Southern (area I11) and 23% Western (area 1V). Finally,
Fig. 4c shows how the PES fractions evolve during 20.09.2012 at Sammaltunturi with the case in Fig.
4a represented by the bar at 11 UTC. In Fig. 4c a clear change in air mass origin is observed at 18 UTC
when the fraction of Arctic source region starts to increase, reaching up to 48% at 22 UTC.

g
E
1.

20 Ae

Figure 3: Map of the air mass regions: | (Arctic), Il (Eastern), 11l (Southern), IV (Western) and V
(Local). Figure was adopted from Asmi et al., 2011.
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Figure 4: a) Horizontal distribution of vertically integrated PES for air masses arriving at Sammaltunturi
on 20.09.2012 11:00 UTC. Source regions are indicated with Roman numerals. b) Vertical distribution
of PES in panel a as function of time before arrival at Sammaltunturi. ¢) Timeline of the PES fraction

for each source region for 20.09.2012.

3.Results

3.1 Local meteorological conditions

Figure 5 shows the daily average temperatures at 570 m observed at the Sammaltunturi measuring site

for days with “cloud events”. The seasonal range of temperatures from an average 4.5 °C (SD 2.1 °C)
in September to -5.3 °C (SD 1.8 °C) in November and its interannual variability is revealed. Days with

“cloud events” were defined as the days when the station was at least 30 minutes immersed in a cloud.
To identify the presence of a cloud at the station, four steps were followed. The droplet size distribution
was checked from both cloud spectrometers; the relative humidity should be ~ 100 %; the horizontal

visibility should be less than 1000 m, and a final inspection was performed visually using pictures

11
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recorded by an automatic weather camera installed on the roof of the station. During days with no cloud
events, clouds could still exist at higher altitudes. Supercooled water droplets were expected at
temperatures <0 °C (usually during November and October of each campaign, in total 175 cloud events
with temperature <0 °C were sampled). Mixed-phase clouds, consisting of water vapor, ice particles
and supercooled liquid droplets, are frequent at temperatures from —10 to —25 °C (Korolev et al., 2017,
Filioglou et al., 2019); however, they can be present up to temperatures of 0°C (Andronache, 2017).
During September, the average temperature was >0 °C, thus, the clouds were expected to consist of
liquid hydrometeors only (liquid droplets, drizzle drops and raindrops). Wind speed ranges during the
PaCEs were approximately from 0 to 10 m s and the average wind speed during each campaign was
around 7 m st These values were lower in comparison to the probe air speed of both cloud ground-
based spectrometers (Doulgeris et al., 2022).
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Figure 5: The daily averaged temperatures at the Sammaltunturi site for days with cloud events during

all PaCE campaigns. The dotted line is used as a reference line for 0 °C temperature. The definition of

acloud event is provided in the text. The shaded area represents the corresponding standard deviations.

3.2. Identification of the air mass origin and its effect on the number concentration of cloud droplets.

First, we examined which was the optimal threshold of the PES fraction within one region that should
be used for this-a particular region to be representative of the air mass type. Nc was chosen to be used

as a benchmark parameter. Fhe-restits-are-shown-in-Fig—6-Figure 6a shows hourly Ncvalues depending
on the PES fraction of the Arctic region (in Arctic, during autumn, the ultrafine aerosol number

concentration and the occurrence of clean, natural Arctic background conditions is significantly

increasing, (Pernov et al., 2022)) marine-environment-with-ne-anthropegenic-emissions). The lowest

values of N¢ (< 30 cm®) were related to PES fractions > 80%. When the PES fraction was between 70

and 80%, the values of N were varying between 5 and 80 cm and the highest values of N values (>
30 cm®) were related to PES fraction lower than 70%.

13



220
i + PES>70%,<B0% CAS
180 |- [Arctid | 200 *+ PES>70%<80% FSSP ]
+ PES>B0% CAS
160 |- l 1 180} « PES>BO0% FSSP l ]
|
140 [ B ey 1 ]
— 120 4= 140 i J ]
i = 120 g
£ 100 B . |
Z a0 i3 | -
\ gor i il 1 ]
60 ) _ i' b
| or ' ]
40 1 4p 4 ﬂ 1+ 4
20 . 20k 7 }}:{ i E
0 or '
50 100 Arctic  Eastern  Southern  Western  Local
205 Region
200 S NPI— M. E—
-Arctic 1
180 - 2
160 - -
140 B
—~ 120 4
o
§ 100fF + n| 3
O 14 P
= eof RN Lk -
’.\ N ! fl Y. ol S b |1 e | (13
eo FHyeRt WM VAN | A | '
’ dil | LIS
40 UG R RV A § 4
! *hd 19 i Re I 2 L PRISERT
. ®te s (% 3
20 F . : .- i -:: » % o)
I i 'ﬂ.“.} ik
ol T EE T L g b B L ..'.'.:..’. B g
50 60 70 80 90 100

PES fraction (%)

Figure 66:-a)-Hourly cloud droplet number concentration (Nc) versus the different potential emission

sensitivity (PES) fraction for the Arctic region. The shaded area represents the corresponding standard

deviations. are-by-Ne
300 and-aerosol-spectrom

14



305

310

315

320

a) 220 - b) 220
sol| ® PES>80% CAS Arctic 2ol © PES>80% CAS Western
[| = PES>80%, FSSP 1 [ = PES>80%, FSSP 1
180 F o PES >70%,<80%,CAS 4 180 - © PES >70%,<80%,CAS B
ol o PES>70%,<80%,FSSP ] ol 0 PES>70%,<80%FSSP ]
10 L ] o | ]
""5 120 [ b o b
5
=100 - < 100 b B
z =z T
80 - — B0 | l | o
60 -1 4 eo | - g 1
40 ] i = 40 i i -
20 [} % ; ] 20 M 1 ]
L L] i I
o . . AR i o . . il S
Ul o A S el ] A 2
& R - L 4 & s
YEAR YEAR
C) 220 d) 220
» PES >80%, CAS Southern * PES >80%, CAS Eastern
20 u PES >80%, FSSP 1 200w PES>B0%, FSSP ]
180 © PES>70%,<80% CAS 1 80 o PES>70%<80%,CAS 1
1eo [l o PES >70%,<80%,FSSP ] ol o PES>70%,<80%,FSSP) ]
140 | 4 140 - 4
P - P 5
t a0l . £ o) ) ]
o T (5} -
= 100 o 1 om0 E I 1
F4 L] z I
80 N gl T [ S 4
3 ] 3 i T 1
60 - l L * 80 | i H 3 -
wf 7 — wf - ] ]
20f ] nl - = ]
ol . e N . e
S o o A 2 U ] A 2
& & S i & S S S
YEAR YEAR

Figure 7: Cloud droplet number concentration (Nc) for each region and single PaCE campaign as they

were measured by the cloud and aerosol spectrometer (CAS) and the forward-scattering spectrometer

probe (FSSP) where the PES fraction was within one region >80 % (full symbols) and the PES fraction

was within one region from 70 to 80 % (open symbols). Error bars indicate the corresponding standard

deviation.

To achieve a generalization of the large-scale air mass influence on microphysical cloud
properties, the characteristics of all regions were intercompared. In Fig. 6b-7 we summarize cloud N¢
measurements from both CARS and FSSP. Each point represents a single PaCE campaign for different
regions according to the classification criteria that were introduced previously in this section. We

present each campaign and instrument to demonstrate that there were no obvious changes through years

or possible malfunction of the instruments that were used and could produce biased results. Two

different levels of the PES fraction were chosen to be further investigated; i) when the PES fraction was
within one region more than 80% and ii) when the PES fraction was within one region between 70 and
80 %. For the first level, the highest values of N (approximately 100-200 cm-3) were clearly associated
with Southern air masses, whereas the lowest ones (approximately 20 cm-®) were observed in Arctic air
masses. In general, marine air masses (Arctic, Western) arriving at Sammaltunturi resulted in lower
values of N. compared with continental air masses. However, there was also a difference (approximately
by a factor of 2) between marine air masses: Nc in air masses travelling over the Atlantic Ocean, or the

Norwegian Sea, were higher than those in air masses arriving from the Arctic Sea. For aerosol
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populations, higher values of Nccn are expected in more polluted air masses (Southern and Eastern air
masses, due to emissions from Europe and Kola peninsula) (Virkula et al.,1997; Jaatinen et al., 2014;
Sipilaetal., 2021). Averaged temperatures at Sammaltunturi for each air mass were -3.1°C (SD 2.5°C),
-2.2 °C (SD 5.9 °C), 1.3 °C (SD 3.9 °C) and -2.8 °C (SD 2.01 °C) for the arctic, eastern, southern and

western region respectively. Furthermore, there was no clear indication that there was any trend in Nc

through different years of PaCEs. In this work, Nccn measurements at different supersaturations were
not conducted.

For PES fraction between 70 and 80 %, the impact of the air mass type on the N changed as
the differences in Ncwere less than for PES > 80%. {Fig-5b)-Clouds that were associated with Southern
air masses had slightly higher values of N (approximately 60-80 cm) in comparison with clouds from
the other regions (approximately 20-60 cm®). As a result, for further analysis in this work, we decided
to exclude measurements that were performed when the PES fraction was between 70 and 80 %. Thus,
we considered that > 80 % of the PES fraction within a particular region would be the optimal threshold
to represent an air mass type during PaCEs. Using the > 80% PES fraction from one source region as a
criterion for further analysis left 492 hours of in-cloud measurements with the CAS and 214 hours of
in-cloud measurements with the FSSP probe (from total 2004 hours of in situ cloud data 706 hours

belong to non-mixed air mass origin), respectively, which ensured statistically robust results. Cloud
observation related to Arctic, Eastern, Southern, Western and Local air masses were 118, 275, 152, 118

and 43 hours, respectively. The observation hours related to each region for each PaCE are presented

in Table S2 of the supplementary material (SM). Clouds that were related with local air masses were

excluded due to relatively small number of observations.

Based on the air mass origin classification, a statistical analysis was made to investigate the
frequency of the air masses during cloud events at the measuring site. When the air masses were not
mixed, the occurrence of clouds at the station related to continental and marine air masses in 31.9 %
and 14.3 % of the cases, respectively. Focusing on each region separately, 29.6 % of the cloud’s
occurrence seemed to be related to Southern and Eastern air masses and 7.4 % were related to Arctic

air masses, although the predominant air mass at Sammaltunturi was from the Arctic (Asmi et al., 2012).

3.3. Effect of the air mass origin on the cloud droplets size.

In this section, we focused on investigating the size distribution of the cloud droplets and the derived
parameters ED, MVD and LWC. ED and MVD are strongly dependent on the shape of the cloud droplet
size distribution, while LWC is a function of both N and sizes of the cloud droplets. To achieve a
generalization, size distributions of cloud droplets related to each air mass origin for each-singleall
PaCE campaigns are presented in Figure #8. Cloud droplet size distributions originating from marine
regions (Arctic, Western) had a relatively broad shape with presence of large (10-20 pm) droplets,

whereas in continental air masses there was a clear absence of large cloud droplets. In general, the
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average size distribution showed a spectrum with more droplets at small size ranges when the masses
were continental and more droplets in larger size ranges when the air masses were marine. Cloud
droplets larger than 16.0 um started to appear in clouds that were characterizes by Arctic and western
air masses. On the other hand, clouds that were characterized by Eastern and Southern air masses had
365 cloud droplets mainly in the range from 5 to 10 um. Values of N for different sizes of the cloud droplets
suggest that higher aerosol loadings lead to higher number concentrations of cloud droplets and smaller
cloud droplet effective diameters. This result is consistent with the Twomey effect (Twomey, 1977),
reported in several in situ observations (e.g. Twohy etal., 2005; Freud et al., 2008; Goren and Rosenfeld
2014;-Paramenecv-etak2015). In general, in a cloud system, it is expected that for a relatively constant
370 LWHC, the effective diameter of cloud droplets decreases as their number concentration increases.
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Figure 78. Cloud droplet size distribution associated with the (a) Arctic, (b) Western, (c) Southern and

(d) Eastern region as they were measured by the cloud and aerosol spectrometer (CAS) and the forward-

scattering spectrometer probe (FSSP) during all PaCEs.¥early-average-cloud-droplet-size-distribution

We also investigated whether sizes of cloud droplets depend on the air temperature. For that
reason, temperature bins of 4 °C range were created. Thus, the measurements were grouped at
temperature bins of —10 to —6 °C, -6 to -2 °C, -2 to 2 °C and 2 to 6 °C. The mid temperature value of
each bin was used to create Fig.-89 which shows that cloud droplets appeared to be more prone to grow
at temperatures larger than —2 °C. A hypothesis to explain such growth could be the collision—
coalescence procedures that can take place in warm clouds (e.g., Xue et al., 2008; Pruppacher and Klett
2010; Lohmann et al., 2016). In this study, all the sampled clouds are considered as warm clouds,
however those at warmer air temperatures seem to consist of larger droplets. Both MVD and ED had a
similar behavior. When the clouds were characterized by Arctic air masses, MVD and ED were

approximately 15 pm within our temperature spectrum. The decrease of particle size for the ‘Arctic’

subsample in the FSSP data above 0 °C was due to the relatively low amount of observation in this

temperature range (2 hours of observation). The observation hours related to each temperature bin for
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each PaCE are presented in Table S3 of the SM-Fhis-could-possibly-be-related-to-the-fact-that-warm

within-eur-dataset. For cClouds related to eastern air masses MV D and ED were approximately 9 pm

when the temperature was below 0 °C and showed approximately 5-6 um larger hydrometeors in warmer

clouds (above 0 °C). However, more observations on existing and wider temperature ranges are needed

to statistically ensure those results. tr-our-ease—we-obtained-approximately—from-11-to-99-hours-of
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Figure 89. Hourly averages of median volume diameter (MVD) and effective diameter (ED) values
versus temperature for all PaCE campaigns as they were measured by the cloud and aerosol
spectrometer (CAS) and the forward-scattering spectrometer probe (FSSP) where the PES fraction was

within one region >80 %. Solid lines were made to lead readers’ eyes.

LWC of low-level clouds for the different air mass types are summarized for each PaCE
campaign (Fig.9al0a). The Arctic air masses were related to the lowest values of LWC (approximately
0.025 g m™®), whereas the Southern air masses were related to the highest values of LWC (> 0.05g m-
%). Western and Eastern air masses were related to LWC values of approximately 0.025 to 0.05 g m).
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410 In this study, LWC of continental air masses were, on average, larger than those of marine air masses.
This is also reflected in the higher N of continental air masses (Fig. 657), as LWC is a function of both
N and size of cloud droplets. In Figure 9510b, the relation between the Nc and MVD is plotted. The
points were divided into three different levels according to the measured LWC. The values of MVVD
were ranging from ~ 9 to 19 um. MVD was larger for higher values of LWC and decreased with an

415 increasing cloud droplet number concentration for each LWC category. The LWC values of the clouds
we sampled (~0.03 g m- for marine and ~0.06 g m for continental conditions) are comparable to those
observed in several other in situ cloud studies (e.g., Gultepe and Isaac 1997; Zhao et al., 2012; Lu et
al.,2014; Guyot et al., 2015; Dione et., al 2020).
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Figure 910: a) Statistical description of liquid water content (LWC) for each region as they-wereit was
measured by the cloud and aerosol spectrometer (CAS) and the forward-scattering spectrometer probe
(FSSP) where PES was within one region >80 %.—Fhe-box-plotforeach-regionis-alseprovided, b)
425 Median volume diameter (MVD) as a function of total cloud droplets number concentration (N¢) for

three different categories of LWC. Each point represents a single PaCE campaign for different regions.
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3.4 Influence of the vertical position of probe on the derived parameters

In this section, we focus on investigating how the derived parameters change with changes in the vertical
position (altitude) of the sampling probe—, H (m) (e.g., Martins et al., 2011; McDonald et al., 2018;
Alexandrov et al., 2020). Under theoretical adiabatic conditions, the vertical profile of LWC is expected
to increase linearly with height above cloud base, with a constant gradient that is dependent on the
temperature and pressure at cloud base (Brenguier, 1991). N is constant through the vertical profile of
the cloud layer, while the size of the droplets increases with altitude (Pawlowska et al., 2006). Assuming

homogenous mixing, this expectation of the cloud microphysical profile also holds for ‘scaled-
adiabatic’ conditions which include the entrainment of drier air (Boers et al., 2000). In reality, there are
more processes to consider, which lead to departures from this ideal condition, particularly towards
cloud top (Pawlowska et al., 2006). As already discussed in Section 2.2., both ground-based
spectrometers were fixed in one vertical position. Thus, there were cases that we sampled with different
layers of a cloud in a range of 120 meters from the cloud base. The ground-based spectrometers were
placed at the Sammaltunturi, 210 m above the ceilometer (installed at the Kenttérova site). Kenttarova
is located 4.3 km to the east of hilltop Sammaltunturi station. Since the Sammaltunturi station is on a
top of an Arctic fell, cloud formation and properties could also be influenced by the local topography
via changes in turbulence or orographic flows. The ceilometer’s resolution in estimation of the cloud
base was 30 meters.

In Fig. 3611, a statistical description of beth-MVD and-ED-areis presented as they-it were-was
derived from both cloud spectrometers for-in five different altitudess -of-the-eleud-base-above cloud
base. The distance of the cloud spectrometer was relative to the cloud base. From this analysis, it is

apparent that there was no strong dependency between the vertical position of CAS and FSSP in the
cloud and the derived sizing parameters. Hewever-lit is expected that number concentration provides

a robust signal_and can clearly be linked to air mass origin, whereas MVD and ED has some extra

uncertainties depending on the altitude with respect to cloud base.
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Figure 2011. Statistical description of hourly averages of median volume diameter (MVD) as they were

measured by the cloud and aerosol spectrometer (CAS) and the forward-scattering spectrometer probe

(FSSP) where PES was within one region >80 % for five different levels of the position of the probes

inside the cloud (H) (relative distance of the cloud ground-based spectrometer). Cloud base was

460 measured at the Kenttarova station.
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4. Summary and conclusions

Our main goal during this work was to quantify the effect of air mass origin on cloud microphysical
properties in a clean subarctic environment. Thus, the impact of different air masses on cloud properties
in the subarctic Finland was investigated based on data from 8 Pallas Cloud Experiments (PaCEs) made
during 2004-2019. For measuring the cloud microphysical properties, we deployed two cloud ground-
based spectrometer probes: the cloud and aerosol spectrometer and the forward-scattering spectrometer
probe. For performing the air mass sources classification, the FLEXPART model was used with ERA5
meteorology. The air mass source regions were categorized into Arctic, Eastern, Southern, Western and
Local sectors, with the Arctic and Western sectors representing marine air masses, and the Eastern,
Southern and Local sectors representing continental airmasses.

Our analysis demonstrated that different air mass types had significant impacts on cloud
microphysics. When 80 % of the potential emission sensitivity fraction was within a region, the
observations were considered te-as representative of that air mass type. Fhe-eceurrence-of-a-cloud-at
seurce—regions—Furthermere—Ceontinental air masses led to the highest cloud droplet number
concentrations (~ 100-200 cm) and marine air masses to the lowest ones (~ 20 cm3). The lowest values
of cloud droplet concentration were related to clean arctic airmasses. Number—concentration—was

between air mass origin and cloud droplet number concentration. This connection is expected to be a

robust signal as according to theoretical considerations (Brenquier 1991; Pawlowska et al., 2006), the

measurements of cloud droplet number concentration do not depend on the vertical position of the cloud

spectrometer within the cloud layer. In general, the median volume diameter and effective radius

diameter of cloud droplets was found to be influenced by the cloud droplet number concentration:
Clouds associated with marine air masses had larger cloud droplets (ranging from 15 to 20 um) in
comparison with continental clouds (ranging from 8 to 12 pm). These results are in agreement with the

Twomey effect (Twomey, 1977). The above differences that were observed in cloud microphysical

properties when the air masses were related to different regions show the need to investigate how the

aerosol loading and meteorology of different airmasses along with local meteorological parameters

change the cloud microphysics and to what scale. Furthermore, there was an indication that cloud

droplets in clouds in warmer air (from -2 to 6 °C) were more prone to grow. However ,—mere

- all year round in
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situ cloud measurements in the area are of high importance to confirm such temperature dependency of

droplet sizes. Specifically, a large data set containing a wider temperature range needs to be obtained.

Data availability
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are available upon request to the corresponding author (konstantinos.doulgeris@fmi.fi).
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