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ABSTRACT
The chemical composition of cloud water can be used to infer the sources of particles upon which cloud
droplets and ice crystals have formed. In order to obtain cloud water for analysis of chemical composition
for elevated clouds in the pristine high Arctic, balloon-borne active cloud water sampling systems are the
optimal approach. However, such systems have not been feasible to deploy previously due to their weight
and the challenging environmental conditions. We have taken advantage of recent developments in battery
technology to develop a miniaturised cloud water sampler for balloon-borne collection of cloud water. Our
sampler is a bulk sampler with a cloud drop cutoff diameter of approximately 8 mm and an estimated
collection efficiency of 70%. The sampler was heated to prevent excessive ice accumulation and was able to
operate for several hours under the extreme conditions encountered in the high Arctic. We have tested and
deployed the new sampler on a tethered balloon during the Microbiology-Ocean-Cloud-Coupling in the High
Arctic (MOCCHA) campaign in August and September 2018 close to the North pole. The sampler was able
to successfully retrieve cloud water samples that were analysed to determine their chemical composition as
well as their ice-nucleating activity. Given the pristine conditions found in the high Arctic we have placed
significant emphasis on the development of a suitable cleaning procedure to minimise background
contamination by the sampler itself.

Keywords: instrument development, balloon-borne sampling, cloud water composition, Arctic, clouds, cloud
water sampling

1. Introduction

The collection of fog or cloud water with a subsequent
analysis of chemical composition is an essential tool to
better understand the role of aerosol in the formation
and removal by cloud droplets or ice crystals. A variety
of cloud water collectors have been developed in the
recent decades, including passive, active, single-stage and
size-resolved collectors. For a more detailed overview, the
reader is referred to the reviews by Hering et al. (1987),
Skar _zy�nska et al. (2006) and Roman et al. (2013). Among

those instruments, the Caltech active strand cloud water
collector (CASCC) developed by Daube et al. (1987) has
become one of the preferred sampling instruments in
many studies and has been further developed into size-
fractioning collectors (e.g. Monger et al., 1989; Collett
et al., 1995), smaller versions such as the CASCC2
(Demoz et al., 1996) or the mini-CASCC developed by
Michna et al. (2013) that is powered by car batteries. The
Caltech Heated Rod Cloudwater Collector (CHRCC;
Collett et al., 1990) is a further developed version of the
CASCC2 where the Teflon strings have been replaced by
heatable stainless steel rods. Within those samplers, cloud�Corresponding author. e-mail: paul.zieger@aces.su.se

Tellus B: 2021. # 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1

Citation: Tellus B: 2021, 73, 1915614, https://doi.org/10.1080/16000889.2021.1915614

Tellus
SERIES B
CHEMICAL
AND PHYSICAL
METEOROLOGY

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM



droplets are actively accelerated towards a sampling vol-
ume by a fan, where they impact on Teflon strings (or
stainless steel rods for the CHRCC) and are collected in
a sampling bottle situated below the cassette.

Cloud water collection for chemical analysis has been
performed under a range of conditions at several loca-
tions, but there is only a very limited number of studies
performed in extreme environments such as the polar
regions. Due to the high power requirements of most
samplers, previous studies have been limited to ground-
based measurement sites in elevated mountain areas or
passive sampling during aircraft measurements. Passive
samplers bypass the problem of requiring access to elec-
tricity at the sampling site, but their cut-off diameter
strongly depends on ambient wind speed and the samples
might be contaminated by precipitation. To our know-
ledge, no balloon-borne active cloud water sampling has
previously been performed. Due to the weight restrictions
on tethered balloon systems, an extremely light-weight
cloud water sampler had to be developed to enable active
cloud water sampling within elevated clouds.

Since the chemical composition of cloud water can be
used to infer the sources of those particles upon which
cloud droplets and ice crystals form, obtaining high qual-
ity cloud water samples is an important goal. As such, we
set out to develop a new light-weight cloud water sampler
that would be able to sample on a tethered balloon
within low-level clouds. First, we present and discuss the
technical details and testing of the newly developed sam-
pler. We further present preliminary results from a suc-
cessful deployment and testing of the sampler in the high
Arctic on board the Swedish icebreaker Oden and discuss
the importance of careful sample handling.

2. Technical description

2.1. The miniaturised cloud water sampler

The miniaturised cloud water sampler (mini-CWS) devel-
oped during this study is a single-stage cloud water

collector based on the working principle of the Caltech
active strand cloud water collector (CASCC2 and
CHRCC, Demoz et al., 1996). Within such samplers,
cloud droplets or ice crystals are actively accelerated
towards a heated sampling volume by a fan (we used the
DFB0912M model from Delta Electronics, Taiwan)
where they impact on Teflon strings. Following impaction
on the strings, the cloud water is collected in a sampling
bottle situated below the string cassette. The strings are
inclined to enhance droplet removal through aero-
dynamic drag.

The mini-CWS uses six rows of heated Teflon strings
(Teflon tubes including a resistive heating wire) inclined
at an angle of 35� for sample collection. The heating
prevents excessive build-up of rime on the strings that
could alter the collection efficiency and is only applied
when the fan is turned off to minimise evaporation. To
prevent ice accumulation on the sampler itself, resistors
for heating (TO220 Radial 20 Ohms Resistors) are
attached to the outside of the sampler walls and the
funnel and are covered with insulation material and
metal tape. A mesh of heated wires is placed down-
stream of the collection strands and upstream of the
fan. The cloud water is collected in acid-washed brown
Nalgene plastic sampling bottles (NALG2004-0002,
Thermo Fischer Scientific, USA) situated below the
string cassette. The protocol for acid-washing is given
in Table S1 in the supplementary material. Opaque
Nalgene bottles were chosen to prevent break-down of
compounds or changes of the biological activity in the
samples by UV-radiation and because they were most
suitable for analysis of inorganic ions with ion chroma-
tography (IC). The mini-CWS is operated by three lith-
ium batteries (K2 Laptop Powerbank 185Wh/50000
mAh, PowerOak, Netherlands) with a 12V port to
power the fan and a 20V port to power the heating
loop. The operating parameters of the mini-CWS are
presented in Table 1 and a schematic of the mini-CWS
is presented in Fig. 1. A fin is attached to the rear of

Table 1. The operating and technical parameters of the miniaturised cloud water sampler (mini-CWS) compared to
those of the CASCC2 and the CHRCC.

mini-CWS CASCC2 CHRCC

Inlet dimensions 13� 13 cm 11� 11 cm 11� 11 cm
Strand diameter 0.560mm 0.508mm 3.175mm
Number of rows 6 6 6
Fractional coverage per row 0.17 0.26 0.26
Sample flow speed 1.4m s�1 8.6 m s�1 8.6 m s�1

Angle of inclination 35� 35� 35�

Weight 7 kg� 10 kg 10 kg

�The weight of the mini-CWS is given for the whole sampling kit including batteries and sensors, while the weights
of the CASCC2 and CHRCC comprise only the samplers.
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the instrument to ensure that the sampler is always
aligned into the wind. A miniaturised optical fog sensor
(mini-OFS indoor version, Sten L€ofving Optical
Sensors, Sweden) was used to measure the visibility.
This measurement was used to estimate both the time
spent inside cloud and the thickness of the cloud. The
visibility sensor is sensitive for visibilities between 0
and 500m; if the visibility exceeds 500m, the output is

limited to 5V. In order to limit condensation on the
receiver of the visibility sensor it was heated to a few
degrees above ambient temperature. A low cost humid-
ity and temperature sensor (TEMPerHUM
RS485HUM, RDing Technology Limited Company,
China) along with a GPS-antenna (GPM-03, Chang
Hong Technology Co Ltd, Taiwan) and a correspond-
ing GPS receiver (Raspberry GPS Hat Model MMP-

Fig. 1. Setup of the miniaturised cloud water sampler (mini-CWS). (a) Schematic of the mini-CWS which consists of the cloud water
sampler unit, batteries, a data acquisition device, a timer with relays and sensors to measure temperature, humidity, visibility and GPS
position. (b) Side view of sampler unit. (c) Front view of sampler unit. The Teflon strings are mounted in three sections with 6 rows
in total.

Fig. 2. Schematic circuit diagram of the mini-CWS.
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0203, Uputronics, United Kingdom) were connected to
a computer (Raspberry Pi 3 model B, United
Kingdom) to record temperature, humidity and loca-
tion. A circuit diagram is depicted in Fig. 2 and an
example of the data recorded during deployment can
be seen in Fig. S1 in the supplementary material. A
timer (LT4H-W, Panasonic, Japan) was used to auto-
matically switch between each active sampling and
heating period. In the beginning of the campaign, the
sampling period was set to 30minutes, followed by
10minutes of heating during which the fan was
switched off to maximise melt-off of the accumulated
ice. With decreasing temperatures throughout the cam-
paign, the sampling period had to be adjusted to
15minutes followed by an 8minutes long heating
period. An example of the heating cycle is presented in
Fig. S1c in the supplementary material.

2.2. Estimation of collection efficiency and
collection rate

The droplet size sampling efficiency of the mini-CWS was
estimated using the approach and equations given in
Demoz et al. (1996). Factors that impact the collection
efficiency of a CASCC2-type sampler are the surface area
of the strings, the ratio of the cross-sectional area of the
strings in a row to the cross sectional area of the sampler,
the number of rows, the angle of inclination of the
strings, strand diameter, droplet diameter, air viscosity as
well as the turbulence of the flow which is dependent on
the air speed and the presence of a flow straightener.
Like the CASCC2 and the CHRCC, the mini-CWS does
not have a flow straightener that assures a laminar flow
and one therefore has to assume that the flow in the
mini-CWS is turbulent. We cannot fully rule out acceler-
ation effects in turbulent flow that could possibly reduce
the impaction probability of droplets on the strings.
However, due to the small size of our sampler, we believe
the effect of acceleration losses to be negligible. Since the
collection efficiency estimation of the mini-CWS is based
on the same approach used for the CASCC2, which does
not contain a flow straightener either, we assume our esti-
mated collection efficiency to be representative. Michna
et al. (2013) showed that an increase in strand diameter
(for instance through rime accumulation) can potentially
increase the collection efficiency. In addition to this, an
increase in flow speed, e.g. through additional horizontal
wind, can cause cloud droplets with smaller diameters to
be sampled more efficiently. The volume of cloud water
likely to be obtained during a typical deployment in the
high Arctic can be estimated by multiplying the collection
rate for different cloud liquid water contents (LWC, for a

more detailed derivation see Demoz et al., 1996) with the
sampling time.

2.3. Sample handling

Following each deployment, the sample bottle was
immediately returned to the laboratory (see Sect. 4.3)
where it was weighed in order to determine the vol-
ume of cloud water sampled. Depending on the vol-
ume of cloud water sampled, subsamples were
transferred into pre-cleaned plastic tubes that were
acid-washed, using acid-washed plastic pipettes and
analysed immediately.

To avoid contamination, the cloud water sampler was
cleaned rigorously prior to each deployment. The clean-
ing process was designed to minimise contamination by
inorganic ions, organic matter and bacteria, since these
fractions were the subject of later analysis. Further, since
the concentration of inorganic ions, organic matter and
bacteria in the cloud water samples obtained was
expected to be very low, an estimate of the background
contamination originating from the sampler itself was
required. To facilitate this estimate, handling blanks were
obtained by collecting ultrapure deionised water
(Millipore Alpha-Q, MQ, with a resistivity of 18 MX cm
at 25 �C) using the sampler. To achieve this, an acid-
washed spray bottle was used to spray the sampler strings
with the ultrapure deionised water. Along with these han-
dling blanks, the same ultrapure deionised water used to
fill the spray bottle was also analysed before and after
entering the spray bottle. This approach was used to
exclude contamination of the water itself or of the
spray bottle.

Acid-washing is usually used to remove contamination
by organic matter. However, this approach could not be
utilised to clean the mini-CWS, since the mounting of the
strings contained metal parts and the funnel was entirely
made of brass, which are both very reactive with acids.
As such, a series of different cleaning procedures were
tested to determine their efficiency for removing contam-
ination. Following each of the approaches a new handling
blank was obtained and subsequently analysed for its
chemical composition or propensity to nucleate ice. A
detailed overview of each the cleaning approaches used
along with their respective handling blanks is given in
Table 2.

As a result of this testing the following cleaning pro-
cedure of the strings and metal parts of the sampler was
found to be optimal. Firstly, a rinse with ethanol (95%
analytical grade, Solveco, Sweden) was used to remove
organic matter contamination from both the strings and
the metal parts of the sampler (e.g. the sampling funnel).
Secondly, UV irradiation of the strings was applied to
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reduce contamination by bacteria. For this, the strings
were irradiated for 20minutes on each side in a vertical-
laminar air flow cabinet (Mini V/PCR, Telstar, Spain)
with a TUV 30W 1SL/25 UV-lamp (Philips,
Netherlands). Finally, the string cassette and funnel were
rinsed with MQ water in an ultrasonic bath to remove
remaining inorganic contaminants before being dried with
particle free air/nitrogen in the laboratory.

The handling blanks collected during the expedition
were compared with post-cruise instrumental blanks that
were collected in the laboratory using the same cleaning
procedures as described in Table 2 and the same equip-
ment as during the campaign. Despite our attempts to
recreate the same sampling conditions experienced during
the expedition it is impossible for us to rule out that
sources of contamination may have existed during the
campaign that were not present during our later blank
testing in the laboratory. The results of the comparison
are discussed in Section 4.2.

3. Cloud water composition analysis

In this section we briefly describe the main analytical
methods used to assess the background contamination of
the sampler as well as the composition of samples col-
lected during its first deployment in the high Arctic.

3.1. Ion chromatography

An ICS-2000 ion chromatography system (Thermo
Fischer Scientific, previously Dionex) was used to deter-
mine the concentration of the major anions (Chloride,
Cl-; Nitrate, NO�

3 ; sulphate, SO2�
4 ), weak anions

(methane sulphonate, CH3SO�
3 , MSA) and cations

(sodium, Naþ; ammonium, NHþ
4 ; potassium, Kþ; magne-

sium, Mg2þ; calcium, Ca2þ) in the samples. The method

is described in detail in Leck and Svensson (2015).
Analytical quality checks were performed using certified
reference samples. Random percentage errors, measured
with a synthetic sample (QC Rainwater Standard,
Inorganic Ventures, USA), were better than 1% for
strong anions, 3% for weak anions and 3% for cations.
Systematic errors as evaluated by Interlaboratory tests
(EANET, 2008; MSA not included) with concentrations
similar to the ones in this study were less than 2% for all
ionic components (with exception for Mg2þ, with less
than 3%).

The analytical lower limit of detection (LOD) was
defined as three standard deviations of the blank divided
by the slope of the standard curve and was found to be
0.075, 0.045, 0.015, 0.010, 0.015, 0.020, 0.055, 0.002 and
0.002 mmol L�1 for Naþ, NHþ

4 , Kþ, Mg2þ, Ca2þ, Cl-,
NO�

3 , SO2�
4 and MSA CH3SO�

3 , respectively. The limit
of quantification (LOQ) was defined as ten standard var-
iations of the blank divided by the slope of the standard
curve and was found to be 0.250, 0.150, 0.050, 0.033,
0.050, 0.067, 0.183, 0.007 and 0.007 mmol L�1 for Naþ,
NHþ

4 , Kþ, Mg2þ, Ca2þ, Cl-, NO�
3 , SO2�

4 and MSA,
respectively.

3.2. Thermal desorption chemical ionisation mass
spectrometry

The chemical composition of a subset of cloud water
samples was analysed using thermal desorption chemical
ionisation mass spectrometry (TDCIMS). The reader is
referred to Lawler et al. (2014) for more details.
Ultrapure MQ water was also analysed using the same
approach to assess the instrument background. A detect-
able signal was defined if the background-corrected sig-
nals were two standard errors above background and the
sums of the detected ions were background-subtracted.

Table 2. Cleaning procedures for mini-CWS and corresponding handling blanks.

Procedure Cleaning procedure Comments

I Strings UV irradiated; thoroughly rinsed
with MQ water; MQ water sampled
from spray bottle

Respective procedure for sample collected
on 17 August

II Strings bathed in ethanol; rinsed with MQ
water; MQ water sampled from
spray bottle

Respective procedure for sample collected
on 22, 24 and 25 August

III (final) Strings bathed in ethanol; funnel cleaned
with ethanol, clean room wipes and
QTips;
strings irradiated under UV (20min
each side); strings and funnel in
ultrasonic bath of MQ water;
MQ water sampled from spray bottle

Respective procedure for sample collected
on 11 September

A MINIATURISED BALLOON-BORNE CLOUD WATER SAMPLER 5



3.3. Ice nucleating particle analysis

The cloud water samples were also investigated for their
propensity to nucleate ice crystals. For the INP analysis,
a microlitre Nucleation by Immersed Particle Instrument
was used. Further details of this method are described in
Whale et al. (2015). To assess whether protein based
INPs were present in the cloud water samples some of
the samples were heated to 100 �C for 30minutes prior to
analysis (O’Sullivan et al., 2018). To reduce the possibility
of changes in the samples, they were stored in a refriger-
ator at about 5 �C for no more than 48 hours before ana-
lysis. Further, freezing of the samples prior to analysis
was avoided.

4. Results

4.1. Collection efficiency and collection rate

By using the theory described in Demoz et al. (1996) (see
Section 2.2), the droplet size sampling efficiency of the
mini-CWS could be estimated and compared to the effi-
ciency of a CASCC2 and CHRCC. Figure 3a shows the
theoretical collection efficiency with respect to drop diam-
eters of the mini-CWS in comparison to the CASCC2
and CHRCC based on the specifications given in Demoz
et al. (1996). The 50% cut size, which is the droplet diam-
eter collected with 50% efficiency, lies at 8 mm for the
mini-CWS and the maximum efficiency for the mini-CWS
of around 70% is reached at approximately 10mm. The
lower collection efficiency of the mini-CWS compared to
the CASCC2 and CHRCC could be explained by the
smaller size and the lower flow velocity in the mini-CWS.

The ambient drop sizes that can be expected to be
sampled for different LWCs according to the paramet-
risation of Best (1951) is displayed in Fig. S2 in the sup-
plementary material. As an example, the Arctic
atmosphere is rather dry (Kumai, 1973) where the LWC
can be expected to remain below 0.1 g m�3. Under these
conditions, the sampler would be expected to yield a sam-
ple volume of slightly more than 10mL for a sampling
period of approximately 300minutes (see Fig. 3b).

4.2. Assessment of background contamination

The inorganic ion concentrations of the handling blanks
and the post-cruise instrumental blanks used to determine
the background contamination are given in Table 3 along
with the concentrations in ultrapure MQ water, bottle
blanks, spray bottle blanks as well as the concentrations
found in the cloud water samples. Neither the MQ water
nor the sampling or spray bottle are significant sources of
contamination. It can be clearly seen that the first han-
dling blank collected on board the Swedish icebreaker
Oden had substantially higher concentrations than the
post-cruise instrumental blank with the same applied
cleaning procedure. However, it should be considered
that no sample was taken between the collection of the
post-cruise instrumental blanks and the sampler was
therefore not exposed to as high levels of contamination
as during the expedition in the Arctic. Nonetheless, the
concentrations in the first handling blank are also sub-
stantially higher than in the succeeding handling blanks
which compare reasonably well to the post-cruise instru-
mental blanks (see also Fig. 4). This is probably due to
contamination resulting from packing and shipping, since

Fig. 3. (a) Theoretical collection efficiency of the mini-CWS compared to the CASCC2 and CHRCC (Demoz et al., 1996) based on
their respective sampling velocities (1.4m s�1 for the mini-CWS and 8.6m s�1 for the CASCC2 and CHRCC) and (b) estimated sample
volume for the mini-CWS for different LWCs.
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Table 3. Concentrations of inorganic ions in the collected cloud water samples, handling blanks for different cleaning procedures (CP)
that were taken during the expedition as well as mean concentrations in the reproduced (instrumental) blanks that were taken after the
campaign, sampling bottle blanks, MQ blanks and a spray bottle blank. Furthermore, sample concentrations are compared to their
respective handling blanks. N denotes the number of samples analysed.

Sample type N
Concentrations (mmol L�1)

CH3SO�
3 Cl- NO�

3 SO2�
4 Naþ NHþ

4 Kþ Mg2þ Ca2þ

Handling blank, 15 August, CPI 1 0.04 16.82 0.79 0.71 4.50 1.33 1.82 0.93 3.54
Handling blank, 21 August, CPII 1 0.01 1.60 0.24 0.16 1.31 1.51 0.74 0.20 1.35
Handling blank, 28 August, CPIII 1 0.01 1.70 0.21 0.11 1.47 1.15 0.62 0.20 0.77
Spray bottle blank 1 0.00 0.03 0.00 0.00 0.02 0.14 0.00 0.00 0.00
Bottle blanks 8 0.00 0.07 0.01 0.00 0.03 0.01 0.00 0.00 0.10

± 0.00 ± 0.04 ± 0.02 ± 0.00 ± 0.06 ± 0.01 ± 0.00 ± 0.00 ± 0.09
MQ blanks 18 0.00 0.00 0.06 0.05 0.01 0.00 0.12 0.01 0.06

± 0.00 ± 0.00 ± 0.12 ± 0.20 ± 0.01 ± 0.00 ± 0.44 ± 0.04 ± 0.13
Instrumental blanks, CPI 6 0.00 0.87 0.57 0.27 1.35 0.20 1.20 0.36 1.49
(post-cruise) ± 0.00 ± 0.58 ± 0.53 ± 0.19 ± 1.03 ± 0.07 ± 1.07 ± 0.20 ± 0.74
Instrumental blanks, CPII 6 0.02 1.17 1.18 0.17 1.23 0.41 0.82 0.23 0.90
(post-cruise) ± 0.03 ± 0.48 ± 0.96 ± 0.09 ± 0.83 ± 0.13 ± 0.92 ± 0.09 ± 0.45
Instrumental blank, CPIII 6 0.00 0.43 0.31 0.10 0.53 0.22 0.41 0.10 0.52
(post-cruise) ± 0.00 ± 0.35 ± 0.54 ± 0.09 ± 0.64 ± 0.13 ± 0.64 ± 0.05 ± 0.27
Cloud water, 17 August 1 2.77 33.49 8.98 9.12 24.77 6.88 10.40 4.73 8.34
Cloud water, 22 August 1 0.22 10.47 1.74 1.35 6.07 2.06 3.04 1.90 3.56
Cloud water, 25 August 1 0.41 14.03 3.48 1.70 13.21 2.28 3.21 2.22 3.33
Cloud water, 11 September 1 0.42 26.41 3.18 4.48 27.45 4.69 10.10 3.28 4.01

Ratio handling blank to sample

Blank 15 August: Sample 17 August 0.01 0.50 0.09 0.08 0.18 0.19 0.18 0.20 0.42
Blank 21 August: Median of samples 22 and 25 August 0.029 0.13 0.09 0.11 0.14 0.70 0.24 0.10 0.39
Blank 28 August: Sample 11 September 0.02 0.06 0.07 0.02 0.05 0.25 0.06 0.06 0.19

Fig. 4. Comparison of instrumental and handling blanks. Boxplot of instrumental blanks for the different cleaning procedures
compared to the concentrations in the handling blanks (black crosses). Red crosses are outliers of the instrumental blanks.
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it was the first blank to be collected after unpacking of
the instrument and required thorough cleaning to be
removed completely in the succeeding clean-
ing procedures.

Notably, the level of background contamination
decreased almost exponentially as the number of rinses
with ultrapure MQ water increased (this is shown in Fig.
5). After six rinses the concentrations were reasonably
low (less than 10% of the concentrations in the samples
for all inorganic ions except Ca2þ considering the first
two cleaning procedures and only 1% for the final clean-
ing procedure CPIII, see Table 3). In fact, the number of
rinses seems to be even more important for removing the
inorganic background contamination than the different
cleaning procedures that were applied. Further, it must
be noted that the contamination seemed to be time

dependent. We suspect static deposition of aerosols from
the room air to be a source of contamination on the
strings of the sampler and would therefore recommend
deploying the sampler immediately after cleaning (or to
store it in a clean room/glove box) to minimise contamin-
ation on the strings by room air.

4.3. Results from a first deployment in the
high Arctic

The mini-CWS was deployed during the Microbiology-
Ocean-Cloud-Coupling in the High Arctic (MOCCHA)
campaign on board the Swedish icebreaker Oden which
was part of the Arctic Ocean 2018 expedition and took
place in summer and early fall 2018 close to the geo-
graphic North pole. For five weeks, the icebreaker was

Fig. 5. Concentrations in post-cruise instrumental blanks for all cleaning procedures (CP) in dependence on the number of rinses.

Fig. 6. Photo of (a) the instrument and (b) during the deployment on a tethered balloon in the high Arctic during the
MOCCHA campaign.
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moored to an ice floe upon which an ice camp was
installed. The mini-CWS was operated from a tethered
balloon (SkyHook helikite, Allsopp Helikites Ltd,
United Kingdom) installed on the ice floe (Figure 6
shows photos of the sampler during deployment in the
Arctic). The balloon had a fabric keel that kept it ori-
ented into the wind. The collection altitude of the sam-
ples, the sampling locations, the sampling times along
with details of the analytical techniques subsequently
applied to each sample are provided in Table S2 in the
supplementary material. Limited by the dynamic lift of
the helikite, sampling was bound to near-surface clouds
in the lowermost 500m of the atmospheric bound-
ary layer.

All samples were bulk cloud water samples which
were collected over several hours. The time in cloud was
estimated for each deployment using the measured visi-
bility. A visibility below 500m was used as a threshold
for determining when the instrument was within a
cloud. This threshold was found to largely capture the
fog water input by Burkard et al. (2003). An example of
the recorded visibility data as well as sampling altitude
relative to cloud base heights measured by a CL135 ceil-
ometer (Campbell Scientific, United Kingdom) is
depicted in Fig. S1 in the supplementary material.
During two deployments, the batteries were fully dis-
charged before the sampler was retrieved and as such
the exact time spent in cloud is unknown. However, the
measured times in cloud are still given in such cases,
since they allow an estimate of the active sampling time
within cloud. It is important to note though that those
samples collected when the batteries were fully dis-
charged may have been influenced by ice growth via
riming on the strings. The rate of sample collection var-
ied significantly across the different deployments (see
also Table S2 in the supplementary material). In some
cases very little sample was obtained, even though the
sampler was in cloud for several hours, while other sam-
ples with higher volumes were obtained in a very short
period of time. This highlights the influence of factors
other than the sampler parameters on the obtained sam-
ple volume such as the cloud LWC and drop size distri-
bution. In addition, it can not be excluded that icing on
the strings as well as precipitation (e.g. blowing snow)
might have contributed to the cloud water sam-
ples obtained.

The amount of sampled cloud water was often very
low to the extent that sufficient sample volume for each
of the different analysis techniques was rarely available.
While the INP measurements and thermal desorption
chemical ionisation mass spectrometry only required a
few microlitres of sample volume, the ion chromatog-
raphy required at least 2.5mL. Given these constraints,

we were unable to apply all available analytical methods
to each of the cloud water samples. It should be noted
that all the analysis discussed here was performed on the
ship during the expedition (except for the post-cruise
instrumental blanks).

Table 3 provides an overview of the concentrations of
the measured anions and cations obtained from IC ana-
lysis of the cloud water samples (before being corrected
by the blank concentrations) that were collected on 17
August, 22 August, 25 August and 11 September com-
pared to their respective handling blanks. It can be seen
that the concentrations varied substantially between the
samples and were in most cases dominated by the high
concentrations of Naþ and Cl-, which originated from
primary sea spray particles. The sample collected on 17
August contained a significant amount of NO�

3 , SO2�
4 ,

MSA, Kþ and Ca2þ that can be distinguished from the
high concentrations in the handling blank. All concentra-
tions discussed below have been subtracted by the con-
centrations in the respective handling blanks. The
presence of Naþ, Cl-, SO2�

4 , MSA and Ca2þ indicates a
marine source of aerosol. The sulphate may be present in
the form of primary sea spray or may be the result of the
atmospheric oxidation of dimethyl sulphide (Leck et al.,
2002). The concentrations of non-sea-salt-sulphate (nss-
SO2�

4 ) can be calculated with the Naþ concentration and
seawater composition taken from Stumm and Morgan
(1981): nss-SO2�

4 ¼ jSO2�
4 j�ð0:063 � jNaþjÞ: The blank-

corrected nss-SO2�
4 concentrations were 7.1 mmol L�1

(constituting 85% of the total concentration), 0.9mmol
L�1 (75%), 0.8mmol L�1 (51%) and 2.7 mmol L�1 (63%)
for the 17 August, 22 August, 25 August and 11
September, respectively. In a similar manner the nss-
Mg2þ and nss-Kþ concentrations were estimated as fol-
lows: nss-Mg2þ ¼ jMg2þj�ð0:119 � jNaþjÞ and nss-
Kþ ¼ jKþj�ð0:036 � jNaþjÞ: The resulting nss-Mg2þ con-
centrations were 1.5mmol L�1 (40%), 1.2mmol L�1 (69%),
0.7mmol L�1 (33%) and 0.14mmol L�1 (5%) and the nss-
Kþ concentrations accounted for 8.2mmol L�1 (95%),
2.2mmol L�1 (96%), 2.2 mmol L�1 (90%) and 8.93 mmol
L�1 (94%) in the respective samples.

The TDCIMS was most sensitive to contamination
and therefore detected high background levels in the
blanks even when the other methods did not. The blank
sample that was collected on 28 August was the first to
be considered clean in the TDCIMS, which is why only
samples collected after this handling blank are discussed
below. Figure S3 in the supplementary material displays
the detected ions in the blank sample and the cloud water
samples that were collected after the final cleaning pro-
cedure was established. Only the sample collected on 11
September was analysed both with IC and TDCIMS.
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The negative ion spectra of the samples were domi-
nated by NCO- (likely isocyanate), Cl-, nitrite (NO�

2 ), sul-
phur dioxide anions (SO�

2 ) and iodide (I-). The TDCIMS
data appear to corroborate the high levels of salt detected
in the IC analysis, with high levels of Cl- and I- in all
samples. However, absolute signals of TDCIMS inorganic
salt ions and organic ions cannot be used to infer relative
ambient abundances of these species without calibration.
In particular, electronegative species like I and NO�

2 are
detected more efficiently than most organics. The
detected SO�

x ions are indicators for sulphur-containing
salts. MSA was also detected. I- is known to originate
from either I- or iodate (IO�

3 ) salts and has been related
to new particle formation in the past (Allan et al., 2015)
and during this campaign (Baccarini et al., 2020). The
NO�

2 ion is an indicator of NO�
3 in the particles that

might be of inorganic or organic origin. Nitrate was also
found in the IC analysis of the sample collected on 11
September, and TDCIMS-detected NO�

3 was highest on
this day, so a significant fraction may be inorganic.

The positive ion spectra of the samples were dominated
by C2H5O

þ, the salt cations Naþ and Kþ and a very
wide array of organic peaks. C2H5O

þ has been identified
as acetaldehyde and has been detected in marine aerosol
before by Lawler et al. (2014). A substantial number of

reduced nitrogen compounds are present in the positive
ion mass spectrum. Many of these that are likely to be
biogenic in origin, e.g. peaks consistent with urea
(C4H8Nþ) and phenylalanine (C9H12NOþ

2 ).
The cumulative concentrations of INP per litre of

cloud water in the collected cloud water samples, han-
dling blanks and MQ blanks are shown in Fig. 7. Both
samples and handling blanks started to freeze at higher
temperatures than the respective MQ blanks, indicating
that some contamination was introduced through the
sampler. Only the samples collected on 24 and 25
August exhibited a detectable freezing signal above the
blank background (e.g. at a temperature of �19 �C,
both samples had a factor of 11.5 higher INP per litre
than the respective handling blank). One heat-treated
sample showed indications of INP of biogenic origin
(see Fig. S4 in supplementary information). The samples
collected on 22 August and 11 September lie in or close
to the baseline as set by the handling blanks. Therefore,
it is not possible to discern the INP content in these
cloud water samples from the background
contamination.

One likely reason that handling blanks were considered
clean by the TDCIMS but not the INP analysis is that
the former is dependent on mass while the latter depends

Fig. 7. Ice nucleating particle (INP) concentrations per litre of cloud water for collected samples, MQ blanks and handling blanks.
The temperature denotes the freezing temperature of the individual droplets in the array of the INP analysis. The shaded area marks
samples that fall below the baseline as set by the handling blanks, while the dashed lines show the upper and lower limits by Petters and
Wright (2015). These samples are displayed with non-filled symbols and should be regarded as limiting values since they can not be
discerned from the baseline.
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upon numbers. The presence of only very few ice active
particles can contaminate the INP blank which would
have tiny mass that could not be seen in the TDCIMS.
In future deployments further effort should be made to
reduce the background contamination introduced by the
sampler if the samples will be analysed with regards to
their propensity to nucleate ice.

5. Conclusion

A miniaturised cloud water sampler with a cut-off diam-
eter of approximately 8 mm and an overall collection effi-
ciency of 70% was developed for balloon-operated
collection of cloud water. The instrument is an active
sampler that is based on the working principles of the
Caltech active strand cloud water collector. It is heated
to prevent excessive ice accumulation and is able to oper-
ate for several hours under the harsh weather conditions.
The newly developed sampler was able to retrieve bulk
cloud water samples under the challenging Arctic condi-
tions experienced during the Microbiology-Ocean-Cloud-
Coupling in the High Arctic (MOCCHA) campaign in
August and September 2018. Due to the remoteness of
the central Arctic Ocean and limited influence from long-
range transported aerosol sources during summer and
early autumn, the ionic concentrations observed in this
study were expected to be very low. It was therefore of
great importance to develop a suitable cleaning procedure
to minimise background contamination by the sampler
itself. The volumes that could be collected varied widely
depending on time spent in cloud and the LWC of the
cloud, but were also affected by riming or icing on the
strings. The samples obtained were analysed by the same
techniques used for aerosol measurements during the
campaign. The preliminary results presented in this study
facilitate a later comparison of the ship-borne sampling
of ambient aerosols and clouds.
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