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1. Introduction 

The Earth system has been severely altered at unprecedented scale and magnitude by human activity 
(IPCC, 2021). An important part of earth system are aerosols and clouds. They both play an important 
role in the atmospheric radiation budget; aerosol reflect sunlight and they have a potential to activate 
into cloud droplets i.e., act as cloud condensation nuclei (CCN). Clouds also affect climate by scattering 
and absorbing radiation. Currently, clouds and their interaction with aerosol particles provide some 
of the greatest uncertainties in predictions of climate change (Boucher et al., 2013; Sherwood et al., 
2020). This is, in large part, because the properties of clouds and their formation processes are poorly 
understood, particularly the properties and formation processes of mixed phase clouds and ice clouds 
(Penner et al., 2001; McCoy et al.,2016). Specifically, the area of the Arctic exerts a special influence 
on global change. This happens since the Arctic is warming about twice as fast as the global average, 
a phenomenon known as arctic amplification effect (Serreze and Barry, 2011; Post et al.,2019). The 
impacts from this effect are expected to extend well beyond the Arctic region (Wendisch et al., 2019; 
Shupe at al.,2022). Additionally, low-level clouds are important for the Arctic climate through the 
warming of near-surface air (Shupe and Intrieri, 2004 ; Zuidema et al., 2005). 
 
Microphysical properties of clouds and dynamics of cloud formation processes are poorly understood 
and need to be investigated further (Morrison et al., 2020). Some of the essential cloud microphysical 
parameters in studying aerosol-cloud-climate interactions are the total number concentration and 
effective radius of cloud droplets, cloud liquid water content and the relative dispersion of a cloud 
droplet population (Komppula et al., 2005; Lihavainen et al., 2008; Donovan et.al., 2015; Chang et al., 
2019; Morrison et al., 2020). Detailed observations of cloud microphysical parameters will lead to a 
better understanding of the processes that drive sub-Arctic climate and will help to achieve a better 
representation of clouds in the models to predict the future of the whole region (Grabowski et al., 
2019). Currently, existing numerical models poorly reproduce the Arctic cloud cover. This is happening 
because understanding of clouds representation even on a small scale is low. 
 
The focus of this thesis is on CCN activation and cloud microphysical properties of low-level clouds. 
The general goal of this thesis has been to increase our knowledge on how to perform CCN activation 
experiments and in situ cloud measurements. Specifically, this work aims to shed new light on how to 
investigate CCN activation under controlled laboratory conditions, and how to monitor cloud 
microphysical properties of low-level clouds in a subarctic environment. The general goal is addressed 
in four research articles, through more specific research questions and aims: 

1. There is a continuous need for new experimental setups that can measure the activation and 
subsequent growth of aerosol particles under defined laboratory conditions. How can the 
optimal operational characteristics and the ability to work as a CCN counter of such an 
experimental setup could be verified? 

In paper I, the aim was to introduce a multi-purpose instrument for investigating atmospherically 
relevant interactions between aerosol particles and water vapor under defined laboratory conditions. 
Several simulations and experimental tests were conducted to find out the optimal operational 
parameters of the experimental setup and to investigate its ability to perform as cloud condensation 
nuclei (CCN) counter. 

https://www.sciencedirect.com/science/article/pii/S0034425722003340#bb0260
https://acp.copernicus.org/articles/20/3459/2020/#bib1.bibx69
https://acp.copernicus.org/articles/20/3459/2020/#bib1.bibx69
https://acp.copernicus.org/articles/20/3459/2020/#bib1.bibx88
https://acp.copernicus.org/articles/20/3459/2020/#bib1.bibx88
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2. There is an increased demand for long-term continuous ground-based in situ cloud 
measurements. How cloud spectrometer probes can be operated to perform those 
measurements in harsh (e.g., subarctic) environments?  

In papers II and III, the aim was to test the usage and the operation of cloud ground-based 
spectrometers (GBCS) for in situ cloud measurements (paper II), and to make a semi long-term data 
set of in situ cloud microphysical properties available to the scientific community (paper III). The 
evaluation the GBSC’ performance and their limitations for future studies were set in paper II. In paper 
III, a semi-long data set of cloud microphysical properties, as monitored by the cloud spectrometers 
along with several meteorological variables, were published (eight PaCE campaigns conducted during 
autumns from 2004 to 2019). 

3. How do long-range transport air masses affect cloud microphysical properties?  

After verifying the measurement method (GBSC) and exploring possible limitations, our aim was to 
investigate differences in the cloud microphysical properties of low-level clouds between air masses 
originating from different regions (clean vs polluted air) (paper IV).  A detailed analysis was made to 
reveal that the origin of the long-range transport of air masses should be considered as a significant 
influencing factor, complementary to the local meteorological parameters, when investigating cloud 
microphysical properties. 
 
This thesis is structured as follows: in section 2 the background of this thesis is discussed. Next, in 
Section 3, data and methodology used in this thesis are briefly described. Then, the main results are 
presented in section 4 followed by the review of papers and author’s contribution in section 5. 
Afterwards, the conclusions are presented in section 6. Finally, the four published papers are printed 
in order of their publication. 
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2. Theoretical framework and historical background 

Several instruments such as cloud condensation nuclei counters and cloud spectrometers are used to 
measure CCN activation in laboratory and cloud microphysical properties in the field. Here, a short 
introduction to cloud condensation nuclei, clouds and the role of cloud microphysics is presented 
(Sect. 2.1). Lastly, the most relevant laboratory CCN counters and ground-based in situ cloud 
measurements of cloud microphysical properties are presented in Section 2.2.  

2.1 CCN and cloud microphysics 

2.1.1 Cloud condensation nuclei 
 
Aerosol particles are liquid or solid particles suspended in a gas (Hinds, 1999). They have a large 
number of different natural and anthropogenic sources, a wide variety of chemical compositions, and 
sizes that can span over four orders of magnitude. Aerosol particles can absorb or scatter incoming 
solar radiation, and they have the potential to serve as cloud condensation nuclei (CCN) (Aitken, 1881; 
Myhre et al., 2013). CCNs are considered as cloud “seeds” in the atmosphere, as water vapor 
condenses onto them to form a cloud droplet.  The number concentration of CCN affects cloud 
microstructure and precipitation processes, and thereby the radiative properties of clouds, 
atmospheric circulation and thermodynamics, as well as radiative budgets (Paramonov et al., 2015; 
Schmale et al., 2017). The ability of aerosol particles to act as CCN is dependent on multiple factors, 
such as the supersaturation of water vapor, aerosol size (Kelvin effect) (Petters and Kreidenweis, 2007) 
and its chemical composition (Raoult effect) (Seinfeld and Pandis, 1998). Supersaturation is achieved 
when the partial pressure of water is higher that it’s equilibrium vapor pressure at a given 
temperature. Aerosol particles with higher CCN activities, such as larger particles, will form cloud 
droplets at lower supersaturations. Fig. 1 demonstrates a simplified procedure of CCN activation in 
typical supersaturations for different particle sizes. The CCN sizes are significantly smaller in 
comparison with a cloud droplet. For example, an aerosol particle to be able to act as CCN needs to 
be larger than 20-30 nm while a typical cloud droplet ranges from few micrometers to 100 µm, and a 
typical raindrop would be range from several hundred micrometers to several millimeters. 

 

 

Figure 1. Simplified schematic of CCN activation in typical supersaturations in atmosphere. 
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2.1.2 Cloud microphysics 
 
The results of CCN activation along with several complex procedures is the formation of clouds. In 
general, the cloud droplets form when humid air rises and becomes supersaturated with respect to 
water. Clouds are the most conspicuous and observable aspects of the atmosphere. They consist of 
millions of water droplets, all so fine that they remain suspended in the air. They transport moisture, 
heat, and impulse. They are of high interest due to their ability to reflect and absorb radiation 
(McFarquhar et al., 2020). In the case where cloud formation occurs at or below freezing 
temperatures, icy crystals can be formed (Korolev et al., 2017). Thus, a cloud can consist of water, ice 
crystals or both. In general, clouds are classified according to their form and height. (Howard, 1803) 
(Fig. 2). In papers II-IV, the measurements that were performed related to low level clouds. Low level 
clouds form near Earth’s surface and can be divided into three categories: Stratus low level clouds are 
uniform fog-like layers of clouds that frequently cover much of the sky. They can also produce light 
precipitation. Stratocumulus low level clouds have a scalloped bottom that appears as broken globular 
patches. Last, nimbostratus low level clouds tend to produce precipitation and low visibility. 
 
Investigating cloud microphysics is crucial as the properties of clouds are poorly understood. Detailed 
information on the size, shape, mass and optical properties of cloud droplets over a broad range of 
atmospheric conditions is needed to understand the processes of cloud formation. Using the term 
“cloud microphysics” in the atmosphere, we refer to all the small-scale processes driving the formation 
and evolution of the cloud and precipitation particles. These processes are extremely complicated due 
to the huge number of particles present in a cloud, the variety of particle shapes, and complex 
nonlinear interactions among these processes. Microphysics are important because they influence 
forecasts of both global (Bodas-Salcedo et al., 2019) and local weather events (Morrison et al., 2020). 
In addition, one of the main sources of uncertainties in the influence of microphysics on climate is 
through aerosols on the size and number of cloud particles (Boucher et al.,2013). In this thesis (PAPER 
II-IV), the clouds that were sampled and investigated were mainly warm and mixed phase clouds.  

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019MS001689#jame21128-bib-0044
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Figure 2. Different form and type of clouds according to Howard classification (Howard, 1803). Cloud 
types investigated in this thesis (PAPER II-IV) are shown in the red frame. Original figure was adopted 
from the word meteorological organization. 

2.2 History of observations on CCN and clouds microphysics 

2.2.1 CCN laboratory counter devices  
 
Several devices with different set ups have been created and used to investigate CCN. Generally, CCN 
counters can be classified into two categories according to the production of water vapor 
supersaturation.  

1) by using the nonlinear dependence of water vapor pressure upon temperature. This concept 
is used in static diffusion chambers where they consist of two parallel metal plates, held at 
different temperatures, with their facing surfaces wetted (e.g., Twomey, 1963; Katz, 1970).  

2) by using the difference between water vapor diffusivity and thermal diffusivity. This concept 
is used in laminar flow chambers where laminar flow is employed between two parallel plates 
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(e.g., Hudson, 1989; Stratmann et al., 2004; Roberts and Nenes, 2005; Conolly et al., 2012; 
PAPER I).  

The device that was used in this thesis is a laminar flow CCN counter and can be used only for 
laboratory experiments. Several devices from both categories were widely used in laboratory 
experiments as well. A theoretical analysis of four different CCN counters from both categories was 
done by Nenes et al. (2001). The first static diffusion chamber was introduced by Twomey (1963). 
Sinnarwalla and Alofs (1973) implemented the continuous flow parallel metal plate thermal diffusion 
chamber to avoid limitations of the static diffusion chamber. Fukuta and Saxena (1979) improved the 
continuous flow parallel metal plate thermal diffusion chamber, which allowed particles with the same 
residence time to experience different supersaturations along different streamlines. The Leipzig 
Aerosol Cloud Interaction Simulator (LACIS) setup and its operation characteristics, which was also 
based on a laminar flow tube, was introduced by Stratmann et al. (2004). Wex et al. (2006) performed 
CCN laboratory experiments with the Leipzig Aerosol Cloud Interaction Simulator where it was 
established that the setup is a CCN detector able to measure hygroscopic growth of atmospheric 
particles. Snider et al. (2006) derived the maximum steady-state supersaturation within the Wyoming 
CCN Instrument. In 2005, Robert and Nenes presented a cylindrical continuous-flow thermal-gradient 
diffusion chamber where different supersaturation values from 0.1 to 3% could be produced by 
establishing a constant streamwise temperature gradient so that the difference in water vapor and 
thermal diffusivity yields a quasi-uniform centerline supersaturation. Rose et al. (2008) fully explored 
the Robert and Nenes (2005) CCN counter by performing calibration experiments using ammonium 
sulphate and sodium chloride particles and discovered the supersaturation using the Kohler theory 
(Kohler,1936). For the CCN counter we presented in Paper I, a similar method is utilized as ammonium 
sulphate particles are used for CCN experiments and the Kohler theory is implemented to calculate 
the supersaturation value. 

2.2.2 In situ cloud measurements 
 
Several instruments have been developed since 1970 to attempt to measure cloud microphysical 
properties. The approaches that were used for this reason can be split into four categories. 

1) Instruments deployed on aircrafts and flights through the cloud (e.g., Heymsfield et al., 2011; 
Craig et al., 2014; Petäjä et al., 2016; Nguyen et al., 2021), 

2) Instruments deployed on unmanned aerial systems (UAVs) (e.g., Girdwood et al., 2020; Brus 
et al., 2021; Harrison et al., 2021, Girdwood et al., 2022),  

3) Cloud chambers used in laboratory under controlled parameters (e.g., Möhler et al., 2003; 
Stratman et al., 2004; Nichman et al., 2017), and 

4) In situ ground-based measurements (e.g., Guyot et al., 2015; Lloyd et al., 2015; Lowenthal et 
al., 2019; PAPER II, III, IV) when the cloud spectrometers were deployed on ground station 
that were occasionally inside a cloud. 

In this thesis (Papers II-IV), the last method of performing cloud measurements was used. In situ 
ground-based measurements using cloud spectrometers are considered fundamental as they offer 
instrumental access to individual hydrometeors within a sampling volume (Wandinger et al., 2018). 
The instruments we used for in-situ ground-based measurements were the cloud spectrometers (e.g., 
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Knollenberg, 1976; Dye and Baumgardner, 1984; Wendish et al., 1996; Baumgardner et al., 2001, 
2014; Lance et al., 2010; Smith et al., 2015; Nichman et al., 2017; Lowental et al., 2019). The cloud 
spectrometers are single particle counters that use forward scattering, usually with the angles 
between 4 and 12° of a laser beam, to detect and classify individual particles in different size bins. For 
the particle sizing, the Lorenz–Mie theory (Mie, 1908) is used. The Lorenz–Mie theory is based on the 
scattering of light from single particles. 
 
Several studies were done both to quantify biases and uncertainties of the ground-based cloud 
spectrometers (GBSC) (e.g. Gerber et al., 1999; Spiegel et al., 2012; Guyot et al., 2015; PAPER II). 
Generation of uncertainties is a complicated procedure depending mainly on the different 
meteorological conditions. Wendish (1998) made a quantitative comparison of ground based forward-
scattering spectrometer probe (FSSP) with a particle volume monitor (PVM). He showed that FSSP 
should be regarded as an excellent microphysical sensor in continental, stratiform or cumuliform 
clouds with mostly small drops and highlighted discrepancies in the liquid water content for cloud 
droplets larger than 25 µm. Gerber et al. (1999) evaluated ground-based measurements of liquid 
water content using an FSSP and a PVM and suggested that the liquid water content overestimated 
by the FSSP for large droplets due to inertial concentration effect produced by the droplets’ inability 
to follow the curved streamlines of the flow generated by drawing air into the FSSP’s sensitive volume 
at 25 m s−1. Spiegel et al. (2012) compared the fog droplet spectrometer to others instruments for 
different wind velocity and wind angle impacts and found out that the fog droplet spectrometer 
experienced several artifacts at temperatures below 0 0C. Guyot et al. (2015) intercompared seven 
optical sensors including an FSSP, a fast FSSP, a fog monitor and two CDP probes at the Puy-de-Dôme 
observatory. It was shown that there was very good correlation in the sizing abilities of the 
instruments, both in terms of amplitude and variability, but they observed discrepancies in number 
concentration and the liquid water content values.  
 
Throughout the development and the evaluation of the GBSC as a method to investigate cloud 
microphysics several studies adopting this method of measurements were performed (e.g., Lihavainen 
et al., 2008; Romakkaniemi et al., 2017; PAPER III, IV). During Pallas Cloud Experiment 2004, Lihavainen 
et al. (2008) proved that there was a clear Twomey effect depending on air mass origin. Portin et al. 
(2009) found clear evidence of the aerosol indirect effects at the Puijo site showing that there was 
positive correlation between cloud droplet number concentration and aerosol particle number 
concentration. Asmi et al. (2012) provided evidence on the effects of aerosol particles on maximum 
cloud supersaturations by showing that the cloud droplet number concentrations increased with 
accumulation mode particle number, while the real in-cloud supersaturation correspondingly 
decreased (Puy de Dôme observatory). Lloyd et al. (2015) observed high concentrations of ice particles 
that exceeded 1000 L−1 at temperatures around −15 ◦C at the Sphinx Laboratory, (Jungfraujoch, 
Switzerland) and stated that changes in the liquid water content leading to significant changes in ice 
mass fraction values were occurring over temporal scales of seconds to hours.  Romakkaniemi et al. 
(2017) suggested that when the wind direction aligned with the direction of the steepest slope of the 
hill close to the Puijo tower, a clear topography effect was observed. Lowenthal et al. (2019) examined 
microphysical properties of wintertime mixed-phase orographic clouds at the Storm Peak Laboratory 
(Colorado, USA) and showed that cloud droplet size distribution, number concentration and liquid 
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water content maintained similar values from 2011 to 2014. Renard et al. (2020) stated that the 
influence of cloud microphysics remained minor at the Puy de Dôme compared with the impact of the 
air mass history. Iwamoto et al. (2021) suggested that the cloud droplet number concentrations were 
significantly higher when continental air masses were arriving to the study site than in air masses 
arriving from the Pacific Ocean. 
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3. Material and methods 

The main instruments, experiments and modeling work used in this thesis are described in this 
chapter. It consists of two types of measurements, laboratory studies (PAPER I) and field 
measurements (PAPERS II-V). For detailed description, kindly refer to the original publications.  

3.1 Laboratory studies 

3.1.1 The Finnish Meteorological Institute Aerosol Cloud Interaction Tube (FMI-ACIT) 
 
The setup that was introduced in PAPER I, the FMI-ACIT, is based on the principle of a laminar flow 
diffusion chamber (Lihavainen and Viisanen, 2001) and shares the design of the laminar flow tube that 
was used in previous studies (Brus et al., 2010; Neitola et al., 2014). A schematic figure is presented in 
Fig. 3. The setup consists of three main components: the humidification system (HS), the preheater 
(PR), and the condenser (C). To adjust and control the temperatures of the humidification system and 
preheater, two circulating liquid baths (LAUDA RC 6 CS) were used. The temperature of the condenser 
was controlled by a different circulating liquid bath (LAUDA Proline RP 1845). To monitor the 
temperature values, six PT100 probes were deployed. To ensure that the environmental temperature 
will not affect the setup, each part of it was insulated. The polydisperse aerosol was produced by an 
aerosol generator (Topas, model ATM226) and dried with a silica-gel dryer. Then, the polydisperse 
aerosol was size selected by a differential mobility analyzer (DMA, Hauke type, length 0.109 m). The 
concentration of the monodisperse aerosol was monitored by a condensation particle counter (CPC, 
model 3776, TSI, Inc.). As a counting system of the setup, an Optical Particle Sizer (OPS model 3330, 
TSI, Inc. USA, 0.3–10 µm) was deployed at the end of the condenser. The OPS was modified to bypass 
the OPS pump. The tube of the total flow passed through the OPS counting chamber, and the raw 
counts were corrected accordingly. 
 
The humidification system consists of one saturator and four Nafion humidifiers. The temperature of 
this part controlled the amount of vapor in the air flow. One humidifier was placed after the aerosol 
size selection and the remaining three humidifiers were placed in parallel to the saturator to humidify 
the sheath flow. The saturator was a horizontal iron tube with a Teflon insert having an inner diameter, 
I.D. = 5 cm and length L = 1 m. A steady flow of purified and particle free air was introduced to the 
humidification system using ultrapure milli-Q water (resistivity 18.2 MΩ cm at 25 ◦C). Aerosol enters 
the preheater from the humidification system through the stainless-steel tube I.D. = 4 mm and length 
(inside the preheater) L = 5 cm.  
 
The preheater is a stainless-steel cylinder (I.D. = 6 cm, L = 0.5 m). Its temperature was set always higher 
(∼1◦C) than the temperature of the humidification system to stabilize the flow and avoid condensation 
in the top section of the flow tube. The sheath flow entered the preheater via a Teflon part having 
ports (I.D. = 1 mm). The total flow inside the flow tube combined aerosol and sheath flow. Those were 
kept constant with a mass flow controller to within ±3% (MKS type 250). The sheath flow was 
measured continuously with a mass-flow meter (model 4043, TSI, Inc.) placed before the 
humidification system and the aerosol flow was measured before and after every run with a bubble 
flow meter (Gilian Gilibrator2 air flow calibrator, Sensidyne) placed after the DMA and before the flow 
enters the Nafion humidifier. 
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The condenser is a stainless-steel cylinder and has I.D. = 6 cm and L = 1 m. It was installed vertically 
along with the preheater to avoid gravitational settling of the particles. The temperatures were 
monitored with four PT100 probes.  The connection between preheater and condenser was insulated 
resulted a steep temperature change.  Thus, supersaturation was created at well-defined conditions.  

 

Figure 3. Schematic figure of the FMI-ACIT setup using the OPS as a counter to perform CCN laboratory 
experiments. Figure from Paper I. 

To test the ability of FMI–ACIT (in Paper I) to measure CCN we calculated the activated fraction (AF) 
of the activated particles. AF was defined as  

CA,END/CA,INIT, where                                                                                                                                               (1) 

CA,END is the concentration of activated aerosol at the end of FMI–ACIT measured by the OPS and CA,INIT 

is the initial concentration of aerosol before entering the preheater measured by the CPC. 
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3.1.2 The Finite element method tube2 model (FEMTUBE2)  
 
The saturation ratio and the temperature profiles inside the condenser of the FMI–ACIT cannot be 
measured directly. For that reason, in PAPER I, an existing finite element method tube 2 (femtube2) 
model was adopted (Lihavainen, 2000). 
The model solves five coupled differential equations, heat and mass transfer, equations of motions, 
and an equation of continuity to simulate the flows inside the condenser. To simplify these equations, 
three assumptions were made: 1) the equations can be solved in a steady state, 2) the effect of radial 
velocity is negligible and set to zero, and 3) the flow is incompressible. The above simplifications of 
the equations of motion lead to a simple problem that was analytically solved and produced a 
parabolic lateral velocity profile (Bird et al.,1960). 

The boundary conditions for the heat and mass transfer equations are 

T(r,z = z0) = TPR,                                                                                                                                                     (2)  

T(R0,z0 < z ≤ 0) = TPR,                                                                                                                                            (3)  

T(R0,z > 0) = TC,                                                                                                                                                     (4)  

ω(r,z = z0) = ωeq(THS),                                                                                                                                           (5)  

ω(R0,z0 < z ≤ 0) = ωeq(THS),                                                                                                                                  (6)  

ω(R0,z > 0) = ωeq(TC),                                                                                                                                           (7) 

where TPR is the temperature of the preheater, TC is the temperature of the condenser, T HS is the 
temperature of the humidification system, and R0 is the radius of the tube. ωeq(THS) is the mass fraction 
of water vapor defined by the saturation vapor pressure at the temperature THS, ωeq(TC) is the mass 
fraction of water vapor defined by the saturation vapor pressure at the temperature TC, z = 0 is the 
boundary point between the preheater and the condenser, and z0, −10 cm, is a chosen starting point 
of calculations in the preheater.  

The first boundary condition in Eq. (2) sets the temperature at z0 to that of the preheater. The second 
boundary condition in Eq. (3) sets the temperature of the wall between the starting point of the 
calculation, z0, and the boundary between the preheater and the condenser, z = 0. The third boundary 
condition in Eq. (4) sets the temperature at the wall of the condenser. The fourth boundary condition 
in Eq. (5) sets the mass fraction profile across the tube at z0 to the value defined by the equilibrium 
vapor pressure at the temperature of the saturator. The fifth boundary condition in Eq. (6) sets the 
mass fraction of the vapor at the wall between z0 and z to the same value as the fourth boundary 
condition. The sixth boundary condition in Eq. (7) sets the mass fraction at the wall of the condenser 
to the value defined by the equilibrium vapor pressure at the temperature of the condenser wall.  
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3.1.3 The droplet growth model   
 
To describe the growth of the particles inside the flow chamber, we used the droplet growth model 
as described in detail in Raatikainen et al., (2012).  
The rate of the change of the droplet size is described by the differential growth equation (Seinfeld 
and Pandis, 1998; Fukuta and Walter,1970) 

𝐷𝐷𝑝𝑝
𝑑𝑑𝐷𝐷𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝑆𝑆−𝑆𝑆𝑒𝑒𝑒𝑒
𝜌𝜌𝑤𝑤𝑤𝑤𝑇𝑇∞

4𝑝𝑝0(𝑇𝑇∞)𝐷𝐷𝑢𝑢‘ 𝑀𝑀𝑤𝑤
+ ∆𝐻𝐻𝑢𝑢𝜌𝜌𝑤𝑤
4𝜅𝜅𝛼𝛼‘ 𝑇𝑇∞𝑤𝑤

(∆𝐻𝐻𝑢𝑢𝑀𝑀𝑤𝑤
𝑇𝑇∞𝑤𝑤 −1)

,                                                                                                         (8)  

where Dp is the droplet diameter,  

S and Seq are ambient and droplet water equilibrium saturation ratios, 

ρw is the water density,  

Mw is the molar mass of water,  

T ∞ is temperature of the environment,  

p o (T ∞) is water saturation vapor pressure at temperature of the environment,  

𝐷𝐷𝑢𝑢‘  is the diffusivity of water, 

𝜅𝜅𝛼𝛼‘  is the thermal conductivity of air that account for non-continuum effects 

and ∆Hu is the water vaporization enthalpy.  

The initial value problem is in Equation (8) where temperature and water vapor saturation ratio 
depend on time or on the location of the droplet in the flow tube. The femtube2 model was used to 
generate supersaturation and temperature profiles inside the flow tube and the droplet velocity was 
calculated from the total flow rate while assuming a parabolic lateral velocity profile.  

For the calculation of the water equilibrium saturation ratio of the growing droplets, Kohler theory is 

used (Kohler, 1936)  

 𝑆𝑆𝑒𝑒𝑒𝑒 = 𝑎𝑎𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒( 4𝜎𝜎𝑀𝑀𝑤𝑤
𝑅𝑅𝑇𝑇∞𝜌𝜌𝑤𝑤𝐷𝐷𝑝𝑝

)    ,                                                                                                                               (9) 

 where σ is the surface tension and aw is the Raoult term and it is calculated following the kappa-Kohler 
approach (Petters and Kreidenweiss, 2007; 2008) 

𝑎𝑎𝑤𝑤 = (1 + 𝜅𝜅

�𝐷𝐷𝑝𝑝 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑⁄ �
3−1

)−1,                                                                                                                            (10)  

where Ddry is the dry diameter of the particle and κ is a single solute hygroscopicity parameter.  
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3.2 Field experiments 

3.2.1 Research area 
 
Measurements of the field work (PAPER II-IV) were conducted in the measuring site - Sammaltunturi 
station (67°58′N, 24°07′E) at northern Finland (Fig. 4). The Sammaltunturi station, part of the Pallas 
Atmosphere-System Supersite and the Global Atmospheric Watch, resides on a top of the second 
southernmost fjeld, a round topped treeless hill, in a 50-km-long north and south chain of fjelds at an 
elevation of 565 meters above sea level. The surrounding environment is consisting of mixed pine, 
spruce, and birch and the vegetation on the fjeld top is sparse. Due to its altitude, the Sammaltunturi 
station is from time to time immersed into a cloud and it is considered as an excellent place to perform 
in situ low level cloud measurements.  
 
The most suitable time of the year for in situ cloud measurements is autumn when the horizontal 
visibility drops below 1 km around 40 % of the time (Hatakka et al., 2003). Thus, the field experiments 
used in this thesis (PAPER II-V) were conducted during Autumn. Particularly, the Pallas Cloud 
Experiments (PaCE) were, usually, 6 – 8 weeks long and lasted approximately from the beginning of 
September until the end of November, occasionally extended to the beginning of December.  
 

.  

Figure 4. Map of the Sammaltunturi measuring station where the PaCE were conducted. Figure from 
Paper III. 

3.2.2 Field instrumentation  
 
The GBCS are the main instrumentation used for the research presented herein, and the cloud 
measurements that have been analyzed and presented in this thesis (Papers II-IV). In-situ cloud 
measurements were conducted at the Sammaltunturi station with three different cloud 
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spectrometers. In particular, the Cloud, Aerosol and Precipitation Spectrometer probe (CAPS, Droplet 
Measurement Technologies, Boulder, CO, USA), the forward-scattering spectrometer probe (FSSP) 
and the cloud droplet probe (CDP, Droplet Measurement Technologies, Boulder, CO, USA), all with 
tailored inhalation system (Fig. 5). The basic concept of all three instruments is that they use the 
forward scattering of a laser beam for the detection and sizing of individual particles and then the size 
of the particle is calculated using Mie theory (Mie, 1908) from the intensity of the scattered light. 
 
CAPS was made by Droplet Measurement Technologies (DMT), Boulder, CO, USA). 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 (Baumgardner et al., 2001,). In this thesis, 
(papers II and IV) we used only data from the CAS probe except in Paper III where data from the CIP 
are also provided. CAS (0.51 to 50 µm) relies on light scattering. Particles scatter light from an incident 
laser at a wavelength of 680 nm and a sample area of 0.24 mm2, and collecting optics guide the light 
scattered in the 4 to 12◦ range into a forward-sizing photodetector. The intensity of light is measured 
and used to infer the particle size. Backscatter optics also measure light intensity in the 168 to 176◦ 
range, which allows the determination of the real component of a particle’s refractive index for 
spherical particles. The droplets are then classified into 30 size bins. The CIP (12.5 to 930 µm) is a single 
particle optical array probe. Its design is based on optical measurement techniques whereby single 
particles pass through a collimated laser beam and their shadow is projected onto a linear array of 64 
photodetectors. The count of the particle is dependent on the change in the light intensity of each 
diode. For the ground setup the manufacturer pylon (height 0.3 m) was used. The setup was fixed on 
a horizontal metallic circle (D = 0.28 m) which was attached to a vertical metallic bar (height 0.3 m), 
part of a square metallic stand (0.7m × 0.7m). CAPS had its own tailored inhalation system: a high-flow 
pump (Baldor, Reliance, USA), which worked continuously. The pump was connected with the CAS 
probe through a 1.14 m long hose with an inner diameter of 0.07 m. The hose was connected to a 
triple branch (three parts with I.D. = 0.12) through a 0.12 to 0.05 m reducer. The triple branch 
connected the CAS probe through the hose with the high-flow pump. The other parts of the branch 
connected the pump with the CIP through two different hoses (L = 1.52 m; I.D. = 0.12 m). In addition, 
a stepped CAS inlet (funnel shape reducer I.D.  = 0.12 to I.D. = 0.05 m) was attached over the CAS inlet 
tube. 
 
The FSSP (model SPP-100, DMT) was initially manufactured by Particle Measuring Systems (PMS Inc., 
Boulder CO, USA) and later acquired by DMT. The size range of FSSP-100 is from 0.5 to 47 µm in 
diameter. FSSP, similarly to CAS, measures the light scattered in the 4 to 12° range with a laser of 
wavelength 633 nm and a sample area of 0.414 mm2. The FSSP was installed on a rotating platform (a 
horizontal metallic base (0.7 × 0.1 × 0.4m) with a metallic fin fixed at the back of it). A vertical metallic 
bar (L = 0.3 m, D. = 0.6 cm) and two horizontal bars (L = 0.25 m, D = 0.6 cm) were installed (northeast 
∼ 60◦) and served as a brake to prevent full rotation of the cloud probe. A custom inhalation system 
with a high-flow ventilator was employed through the instruments’ inlet to ensure that the air speed 
would remain constant. The droplets then can be classified in 30 or 40 size bins. 
 
The Cloud Droplet Probe (CDP) was used only in Paper II. The CDP is a single optical particle counter 
manufactured by Droplet Measurement Technologies (DMT) in Boulder, Colorado. It is designed to 
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detect and classify cloud droplets 3 to 50 µm diameter. Photons forward scattered by particles from 
within the sample area that fall within an annular cone of 4  to 12°  of the incident beam are directed 
via the second 45° mirror onto an optical beam splitter. The CDP has two arms, 140 mm apart, which 
house the detecting components of its system. CDP classified droplets into 30 size bins. It was placed 
on a rotating platform to be continuously directed against the wind direction. The metallic platform 
covering the instrumental electronics consists of a fixed part (0.4 × 0.4 × 0.3m) at the bottom and on 
top of that the rotating part (0.4×0.4×0.1m) with the probe itself on top. The rotating part is equipped 
with a large fin to keep the inlet towards the wind. The instrument had a custom inlet with an external 
pump to ensure a constant probe air speed. 

 
 

Figure 5. The CAPS, the FSSP, and the CDP ground setups, as they were installed at the Sammaltunturi 
station during PaCE 2013.  
As a result, from the GBCS setups, the cloud droplet size distribution and four derived parameters 
were obtained: the cloud droplet number concentration, Nc (cm−3), the liquid water content, LWC (g 
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m−3), the median volume diameter, MVD (µm), and the effective diameter, ED (µm). The description 
of the three GBCS setups can be found more excessively in Paper II. 
 
The instrument that monitored the cloud base (Paper V) was a Vaisala CT25K (Vaisala users guide, 
2002; Emeis et al, 2004) lidar ceilometer, except in 2019 when it was replaced by a Vaisala CL31. The 
meteorological variables were monitored by an automatic weather station (Milos 500, Vaisala Inc.). 
All the weather sensors that were used in this work were described in Hatakka et al., (2003). The 
temperature was measured at 570 meters above sea level by a PT100 sensor, the horizontal visibility 
by a FDP12P Vaisala weather sensor, the relative humidity by a Vaisala HUMICAP, the barometric 
pressure by a Vaisala BAROCAP sensor, the wind direction by a heated wind vane and the wind speed 
by a heated cup. A description of the instrumentation that was used in Paper IV along with their 
operational parameters and accuracy can be found in table 1.  
 
Table 1: Instrumentation (operational parameters and their accuracy) of the published dataset. 
Table from paper III. 

Instrument Operating range Number of 
bins 

Sampling 
frequency 

Air speed 
range 

Accuracy Uncertainties 
 

Cloud instruments 
CAS, DMT 0.51 µm to 50 µm 10, 20, 30, 

or 40 
0.05 to 40 Hz 10 - 200 ms-1 upper Nc 

> 1,000 
cm-3 after 
correctio
ns for 
coinciden
ce that 
are about 
25% at 
800 and 
30% at 
1,000 
particles/
cm3 

Sizing 
accuracy: 
20% 
  

ambient Nc of 
500 cm-3: 27% 
undercountin
g and 20%–
30% 
oversizing 
bias  
Lance et al. 
(2012) 
LWC: 40%  
(DMT 
Manual) 

CIP, DMT 12.5 µm to 1.55 mm  62 0.05 to 40 Hz 10 - 300 ms-1 upper Nc 
range up 
to 500 
particles/ 
cm3 for a 
CIP with 
standard 
tips and 
arm 
width 
sizing 
accuracy: 
1 µm 

digitization 
uncertainty of 
approximately 
±1 size 
resolution 
that depends 
upon where 
the particle 
passes across 
the array 
Baumgardne
r et al. (2017) 
 

FSSP, PMS 0.5 µm to 47 µm  15,30 or 40 0.05 to 40 Hz  Nc 
accuracy: 
16% 
sizing 
accuracy: 
±3 µm 

derived ED: 
3μm  
derived LWC: 
30% 
Febvre et al. 
(2012) 
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LWC 
accuracy: 
30%–
50%  
Baumgar
dner 
(1983); 
Baumgar
dner et 
al., 
(2017) 

Meteorological instruments 
 Range Resolution Sensitivity Accuracy 
PT100 sensor, 
Vaisala 
 

-70 – +180 (°C) 0.01 
(°C) 

 ±0.1 
(°C) 

HUMICAP sensor, 
Vaisala 
 

0 – 100 
(%) RH 

<0.01 
(%) RH 

 ±0.8 
(%) RH 

BAROCAP sensor, 
Vaisala 
 

500 – 1000 (hPa) 0.01 
(hPa) 

 ±0.15 
(hPa) 

heated cup and 
wind vane, 
Vaisala 
 

0.4 – 75 (ms-1) 
0 – 360° 

0.1 
(ms-1) 

1° 

 ±0.17 
(ms-1) 

±3° 

Pyranometer, 
Vaisala 
 

305 – 2000 (Wm-1)  9– 15 
(µV Wm-2) 

< ±20 Wm-2at 1000 
Wm-2 

FD12P, 
Vaisala 

10 - 50000 
(m) 

  ±10 %, 10 –10000 m 
±20 %, 10000 –50000 

m 
 

3.2.3 Air mass trajectory model 
 
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. Its calculation was done in units of seconds (Seibert and Frank, 
2004; Pisso et al., 2019). ERA5 reanalysis by European Centre for Medium-Range Weather Forecasts 
(ECMWF) was used as meteorological input fields for FLEXPART at 1 hour temporal resolution and 
0.25° resolution in latitude and longitude. ERA5 levels 50 to 137 were used in vertical which 
corresponds approximately to the lowest 20 km above surface. The model domain is from 125° W to 
75° E and 10° N to 85° N. This domain was large enough to contain 96 hours 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 meters above sea level, as the 
terrain height in ERA5 at the site was approximately 300 meters above sea level. The PES output 
resolution was set to 0.2° latitude and longitude with a 250 meters height resolution up to 5 km and 
two additional output levels at 10 km and 50 km. However, for the air mass origin analysis here PES 
was summed up for all output heights at each latitude-longitude grid cell. The air mass source regions 
for the Sammaltunturi site were divided into five categories: Arctic, Eastern, Southern, Western and 
Local. Initially, the regions were classified using trajectories cluster analysis, following the method as 
Eneroth et al. (2003) proposed. The predefined regions were used for different studies and scopes as 



25 
 

atmospheric transport of carbon dioxide (Aalto et.al., 2003), aerosol studies (Tunved et al., 2006; Asmi 
et al., 2011). In Figure 6, the map of the air mass regions is presented. 
 

 

Figure 6. Map of the air mass regions: I (Arctic), II (Eastern), III (Southern), IV (Western) and V (Local). 
Figure from paper IV. 
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4. Overview of main results 

This chapter present a synopsis of the main results. For detailed results, kindly refer to the original 
publications.  

4.1 Operation of the FMI-ACIT. 

In paper I, we introduced a multi-purpose instrument for investigating atmospherically relevant 
interactions between aerosol particles and water vapor under defined laboratory conditions. The 
ability of the experimental setup (FMI- ACIT) was tested both for the aerosol activation and droplet 
growth under supersaturated conditions.  

4.1.1 Optimal flow rate  
 
A series of experiments have been conducted to find out what is the most suitable total flow rate, i.e., 
the sum of the sheath and the aerosol flow rates. Using the femtube2 model, saturation ratio and the 
temperature profiles along the center line of the condenser were created. For the simulation, constant 
temperature conditions were set (T HS = 299.00 K, TPR = 300.00 K, and TC = 281.00 K). The total flows 
were changed from 0.5 to 1.0 and then up to 10.0 l min−1 with steps of 1.0 l min−1. By increasing the 
total flow rate, the location of the maximum saturation ratio moved further along the centerline of 
the condenser. For total flow rates higher than 3.0 l min−1, the maximum saturation ratio was observed 
after 0.4 m along the centerline of the condenser. For flows higher than 2.0 l min−1, there was no 
change in the maximum saturation ratio along the tube centerline. Maximum saturation ratios were 
lower than those for 0.5 and 1.0 l min−1 flow rates. 
Along with the previous simulations, an experimental transmission efficiency test was done to quantify 
the particle losses using six different total flow rates (1.0, 2.0, 3.0, 5.0, 8.0, and 10 l min−1). During the 
efficiency test, the temperature conditions were set same as in the simulations. Then, monodisperse 
ammonium sulfate particles[(NH4)2SO4] (sizes of 100, 200, and 300 nm) were injected into the 
condenser. The number concentration of monodisperse dry aerosols (between 400 and 750 cm−3) was 
continuously measured at the beginning of the humidification system and droplets were continuously 
measured at the end of the condenser (between 150 and 745 cm−3). Their ratio produced the counting 
efficiency for each total flow rate, and it was proved that the investigated setup performs best at total 
flow rates between 1 and 3 l min−1. At lower total flow rates, the particles grow to bigger sizes, but 
they could be lost to the wall due to slow flow. At higher flow rates it takes relatively long for the 
temperature of the flow to stabilize and reach the condenser wall temperature. As a result, the 
particles do not experience high enough supersaturation to be activated. 

4.1.2 FMI ACIT as a CCN counter 
 
As a next step, activation experiments were also performed using the optimal flow rate (2.0 l min−1). 
Purified, particle free air was used as a carrier gas. Six humidification system and condenser 
temperature differences (∆T) were set (18.00, 17.50, 17.25, 17.00, 16.75, and 16.50 K) and produced 
a different supersaturation inside the condenser. In each scenario, dry ammonium sulfate particles 
with diameters ranging from 10 to 300 nm were injected into the preheater (10, 15, 20, 25, 30, 40, 50, 
60, 70, 80, 90, 100, 150, 200 and 300 nm) and for each size seven minutes measurements were 
performed. As a result, we obtained the full-size range.  
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For every set of dry sizes, a sharp increase of the activated fraction occurred, and an activated fraction 
curve was produced by fitting to our experimental data. In Fig. 7(a), the six obtained activation curves 
are presented. The higher values of ∆T produced higher values of SS through the centerline of the 
condenser. For larger particles, the activated fraction increased (average value 0.91 with standard 
deviation 0.11). To calculate the experimental supersaturation (SSexp), we used the dry diameter from 
each activated fraction curve for which activated fraction of particles reached 50% (D50 diameter) and 
the temperature of the condenser (through equation 9). A comparison of the model predicted 
supersaturation and the SSexp is presented in figure 7(b). The linear fit based on six points shown very 
good agreement between the two supersaturation values (R2 = 0.98).  

 

Figure 7. (a) Activated fraction (AF) versus dry diameter (Dp) of ammonium sulfate particles for each 
∆T. Nonlinear curve fit was calculated using the sigmoidal dose response function. (b) Maximum 
supersaturation as it was simulated using the femtube2 model and experimental supersaturation (%) 
versus the temperature of humidification system. ∆T (difference between the temperature of the 
humidification system and the condenser) is also provided. Figure from paper I. 

Moreover, a comparison of the measured and modeled size distribution for 200 nm ammonium 
sulfate particles was done to investigate the ability of FMI-ACIT to measure the particle growth. The 
observed size distributions were wider at supersaturations of 0.18% and 1.25%, which indicates that 
particles in this experimental setup experienced more variable supersaturations than considered by 
the modeling. A possible explanation is that an assumption of the model was that all the particles had 
the same dry size and were travelling in a narrow region close to the centerline of the condenser which 
resulted in a narrow droplet size distribution. For example, the model predicts that 200 nm particles 
will grow to 1.4 µm when the supersaturation is 0.18% inside the FMI–ACIT. During the experiments 
the 200 nm particles grew to different sizes and produced a wider size distribution with the median 
droplet size of 1.8 µm. 

4.2 Ground based cloud spectrometers as a method of in situ cloud measurements. 

There is a continuous need for long-term ground-based in situ cloud measurements in environments 
similar to those of PaCEs (sub-Arctic conditions with frequently occurring supercooled clouds). In 
paper II, the operation of three GBCS setups to perform continuous ground-based measurements in 
harsh environments were tested and evaluated.  
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More specifically, during the Pallas Cloud Experiment (PaCE) in 2013, the performance of the Cloud 
and Aerosol Spectrometer (CAS), the Cloud Droplet Probe (CDP) and the Forward Scattering 
Spectrometer Probe (FSSP) were investigated. The focus in this campaign was to reveal how different 
meteorological parameters affect each instrument’s ground-based setup operation and quantify 
possible biases and discrepancies on deriving different microphysical cloud properties. CAS was 
intercompared to the FSSP ground setup because their parallel data coverage was the best (∼ 243 
hours of common cleaned data set). On the other hand, CDP had a low common data set with the CAS. 
The reason for this was that from the date that the CAS was installed we were mainly facing subzero 
temperatures, conditions that proved not to be favorable for the CDP ground setup. During sub-zero 
conditions, the CDPs’ inlet often became clogged because of supercooled cloud drop accumulation. 
This issue also occurred to both the rotation and inhalation system because the probe’s big surfaces 
were collecting ice, and it had a small opening for the inhalation system. 

4.2.1 Intercomparison of CAS and FSSP 
 
The meteorological parameter that was investigated to find out how the droplet counting ability of 
the instruments was influenced in different sectors of the wind rose was the wind direction. As a 
benchmark parameter, cloud droplet number concentration (Nc) was adopted as it can clearly 
represent the count losses in different cases. The wind rose was divided into 12 sectors: 0 to 74, 75 to 
94, 95 to 114, 115 to 154, 155 to 184, 185 to 199, 200 to 214, 215 to 235, 236 to 250, 251 to 265, 266 
to 295 and 296 to 360◦. In the wind rose sector from 200 to 235° (wind iso-axial conditions), agreement 
was found to be the best according to the Nc ratio (R 2 = 0.78 and 0.62 with slope 0.65 and 0.50 
respectively, with maximum difference observed ∼ 30 %). Temperature and wind speed in the range 
of −11 to −1.4 ◦C and 1.6 to 13.8 m s−1 did not affect the ability of the probes to derive Nc in wind iso-
axial conditions. From a similar analysis in each sector of the wind rose a general benchmarking was 
created (Fig. 8). After the detailed analysis, the 12 sectors were merged into the 4 most representative 
conditions; wind iso-axial conditions (from 200 to 235◦), perpendicular conditions (from 115 to 154 
and 296 to 360◦), conditions between iso-axial and perpendicular (from 76 to 114, from 155 to 199 
and from 236 to 295◦) and the area where the performance of FSSP the was influenced by its setup 
(presence of brake, from 1 to 74◦). The loss of cloud droplets at the CAS was obvious when the wind 
direction was out of the range of the wind iso-axial conditions e.g., in conditions between iso-axial and 
perpendicular (0.46 ≤ R2 ≤ 0.50 for 76 to 114, 155 to 199 and 236 to 295◦) and in perpendicular 
conditions (R 2 = 0.32 and 0.11 for 115 to 154 and 296 to 360◦). The strong sensitivity to the wind 
direction suggested that the cloud spectrometers were sampling anisokinetically when the sampling 
was performed out of the wind iso axial conditions. 
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Figure 8. Intercomparison of number concentration (Nc) between the CAS and the FSSP based on the 
wind direction. The CAS was set and installed in a fixed direction (southwest, ∼ 225◦); the FSSP was 
installed on a rotating platform and followed the wind direction. The wind rose was separated into 
four representative wind direction conditions; wind iso-axial conditions (from 200 to 235◦), 
perpendicular conditions (from 115 to 154 and 296 to 360◦), conditions between iso-axial and 
perpendicular (from 76 to 114, from 155 to 199 and from 236 to 295◦) and the case where the brake 
influenced the performance of FSSP (from 1 to 74◦). Figure from Paper II. 

As expected, the sampling losses affected the ability of the GBCS to derive the liquid water content 
(LWC) values. Thus, only LWC values from wind iso-axial conditions should be used. To derive LWC, 
deployment of another sensor is proposed (e.g., the particle volume monitor) to serve as a reference 
LWC value. Regarding the ability of the ground setup to derive the effective diameter (ED) and the 
median volume diameter (MVD), the best agreement was observed when the wind direction was 
inside the range of iso-axial conditions where all the points were focused along the 1: 1 line.  Even 
though CAS was measuring lower Nc even by a factor of 10 when the wind direction was perpendicular 
to the CAS fixed direction the maximum observed difference between the two probes was about 20 
%. This was happening since even though several cloud droplets were lost, the shape and the position 
of the peak of the size distribution measured by CAS remained similar. This unexpectable behavior 
was noticed in the whole available data set, ∼ 183 h, (maximum ED and MVD of 35 and 30 µm). We 
should highlight that the sampled clouds had generally small cloud droplets and this behavior is not 
expected in clouds with larger cloud droplets. Also, it was noticed that high wind speed values affected 
the ability of the GBCS to derive ED and MVD as FSSP derived bigger values of ED and MVD when 
compared to CAS. On the other hand, in case of low wind speeds, FSSP derived smaller values when 
compared to CAS. A possible explanation was that due to the isokinetic motion of the particles, the 
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larger particles could not enter the FSSP because the inner diameter necking on the inlet was changing 
from 3.8 to 2.0 cm.  

4.2.2. Intercomparison of CDP and FSSP  
 
As expected, since CDP and FSSP were both following the wind direction, they derived Nc with good 
agreement (R2 = 0.84, slope 1.11) (Fig.9). In worst case, Nc difference between them was about 30 %. 
Regarding the derived sizing parameters ED and MVD the agreement was also acceptable (R2 = 0.82 
and 0.79 with slopes 1.23 and 1.25 for ED and MVD, respectively). In general, the CDP ground setup 
was operating well in warm liquid clouds however as mentioned in the beginning of the Section 4.2, it 
had technical problems during subzero conditions.  Thus, this setup is not recommended for semi long-
term ground-based measurement of clouds during sub-zero conditions. 

 

Figure 9. Intercomparison of (a) Nc, (b) ED and (c) MVD as it was derived from the CDP and the FSSP is 
presented for all wind directions. Color code represents the wind speed. Figure from Paper II. 

4.2.3 General recommendations  
 
According to the detailed investigation that was done in Paper II, several recommendations for the 
future data analysis regarding the GBCS setups in sub-Arctic conditions with frequently occurring 
supercooled clouds were presented (Table 2).  
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Table 2: Recommendations for further data analysis of the cloud spectrometers ground-based setups 
data for future campaigns in subarctic conditions with frequently occurring supercooled clouds. 

 Nc  ED, MVD LWC      Comments 

CAS Only data from wind 

iso-axial conditions. (± 

20° from its fixed 

direction) should be 

used 

 

All measurements can 

be used for further 

analysis, independent on 

wind direction in the 

size range of ED and 

MVD of 5 - 35 µm 

Only data from 

wind iso-axial 

conditions and 

temperatures 

below – 4 oC 

should be used 

 

Good data coverage 

(67%); Operating 

properly both in 

non-icy and icy 

conditions; needs 

daily cleaning 

 

FSSP Data from all wind 

sectors will be used 

except data from wind 

sector where brake was 

installed (± 40° brake 

direction)  

 

All data can be used for 

further analysis except 

data from the wind 

sector where brake was 

installed (± 40° from 

brake direction)  

 

Only data from 

wind iso-axial 

conditions and 

temperatures 

below – 4 oC 

should be used 

 

The best data 

coverage (75%); 

Operating properly 

both in non-icy and 

icy conditions; 

needs daily 

cleaning. 

 

CDP Usable in warm clouds. 

Limitation in 

temperature; 

operational problems at 

sub-zero temperatures 

All data obtained in 

non-icy conditions can 

be used for further 

analysis 

Not usable due to 

temperature 

range. 

Low data coverage 

(17%), Operating 

properly in non-icy 

conditions; not 

recommended for 

sub-zero 

temperatures 

 

4.3 A semi long-term data set of in situ cloud properties and meteorological parameters 

In paper III, a unique data set of ground in situ cloud measurements along with several meteorological 
variables collected in eight PaCE campaigns conducted between 2004 and 2019 was presented. The 
published data set provides an insight into microphysics of low-level clouds in subarctic conditions 
over a wide range of temperatures (−25.8 to 8.8 °C). In this temperature range supercooled water 
droplets were expected mainly at temperatures below 0 °C. For temperatures above 0 °C, the sampled 
clouds were expected to consist of liquid hydrometeors only.  

In paper III, we present only measurements when the station was inside a cloud. Data from the Cloud, 
Aerosol and Precipitation Spectrometer probe (CAPS), the Forward-Scattering Spectrometer Probe 
(FSSP) and the weather station were quality controlled and unified in a common format for release 
and further analysis. To identify the presence of a cloud at the station, three different factors were 
used: 1) the droplet size distribution was checked as measured in both cloud spectrometer ground 
setups, 2) droplets counts were crosschecked with two meteorological variables – the relative 
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humidity at the measurement site which was expected to be ∼ 100 % and the horizontal visibility 
which should be less than 1000 m and 3) a final inspection was done visually using pictures recorded 
by an automatic weather camera installed on the roof of the station.  After the identification of the 
presence of a cloud at the station, to inspect the measurements of each year the following procedure 
was followed. The raw data set was checked to eliminate and exclude from further analysis cases in 
which one of the cloud probes was partially or fully blocked. To detect blocked probes, droplet number 
concentration (Nc) was carefully investigated. When a sudden decrease just before a sudden increase 
in Nc was occurring, we had a clear sign of probe inlet freezing. This behavior was caused because the 
opening of the probe inlet was becoming smaller (from the accumulation of snow/ice) and resulted in 
a raised probe air speed. During data evaluation we considered that the probe air speed was constant. 
Thus, this abnormality in the Nc was happening due to the underestimation of the probe air speed. 
The final data set includes a separate NetCDF and CVS file for each cloud spectrometer and year 
(example file names are PACE.yyyy.cloud_spectrometer.nc and PACE.yyyy.cloud_spectrometer.cvs). 
 
Each file includes the cleaned timeline data set of the following cloud properties and meteorological 
variables: year (YYYY), day (DD), month (MM), hour (HH), min (MN), size bin lower limit, size bin higher 
limit, number concentration (cm−3 ), liquid water content (g m−3 ), effective diameter (µm), median 
volume diameter (µm), the calculated size distribution (cm−3 ) values in each bin, temperature at 570 
m (◦C), dew point (◦C), humidity at 570 m (%), pressure (hPa), wind speed (m s−1), horizontal wind 
direction (degrees), global solar radiation (W m−2 ), photosynthetically active radiation (µmol m−2 s −1), 
and the horizontal visibility (m). In addition, the sampling area (mm2) and the probe air speed (ms−1) 
that were used to derive each parameter are also provided. Missing data points were marked as 
−9999.9. 

Figure 10 presents the in-situ cloud observation hours of each PaCE campaign. It is visible that the 
observation hours after PaCE 2013 (PaCE 2013, 2015,2017 and 2019 campaigns had longer duration 
than PaCE 2004, 2005, 2009 and 2012) are significantly higher. The statistical description of the 
temperature at 570 meters above sea level for each campaign is provided in Figure 11. In each PaCE 
year the range and interannual variability were similar (temperature range was ranging approximately 
from −10.0 to 8 ◦C) except 2012 when CAPS was also installed for ∼ 1 month during winter. Number 
concentration averaged values were similar for every year of the measurements (around 100 cm−3) 
even there were some cloud cases during each campaign that number concentration had values 
around 300 cm−3. The averaged ED and MVD values were ranging approximately from 10 to 20 µm and 
the liquid water content was in majority of the cases less than 0.2 g m−3. 
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Figure 10. Hours of observation data collected for each PaCE campaign when the FSSP-100 and CAPS 
ground setups were operational. Figure from paper III. 

 

Figure 11. Statistical description of the temperature at 570 meters above sea level for each PaCE 
campaign when the FSSP-100 and CAS ground setups were operational. Figure from paper III. 

The published data set can be used in studies of cloud microphysics, climate change in the subarctic, 
and performance evaluation and improvement of existing models at higher latitudes. The whole 
dataset is available in the Finnish Meteorological Institute (FMI) open data repository for each 
campaign and each cloud spectrometer ground setup individually (Doulgeris et al., 2021). 



34 
 

4.4 Influence of air mass origin on microphysical properties of low-level clouds  

After establishing the methodology for performing in situ cloud ground measurements and publishing 
the dataset from eight PaCEs, a further analysis was done in paper IV using the published data set to 
investigate how the origin of long-range transport air masses can influence the microphysical 
properties of low-level clouds. The Sammaltunturi station enables long-term in situ observations of 
cloud properties in subarctic air. During PaCEs operation time (autumn) the clean, natural Arctic 
background conditions are significantly increasing (Pernov et al., 2021). Thus, we focused on 
quantifying the impact of air mass origin (e.g., clean arctic vs. long-range transported air from 
continental Europe) on low-level clouds and their patterns. 

4.4.1 Identification of air mass origin  
 
First, we found out when a region was considered as representative of the air mass type. The potential 
emission sensitivity (PES) was summed up for the full duration of the 96-hour FLEXPART backward 
simulations and for all output heights at each latitude-longitude grid cell. Based on those integrated 
data, hourly values of PES fraction for each source region were calculated. Cloud droplet number 
concentration (Nc) was used as a benchmark parameter to investigate which was the optimal 
threshold of PES fraction within one region that should be adopted for this region to be representative 
of the air mass type. It was shown that when 80 % of the PES fraction was within a region, the 
observations were representative of that air mass type. Below that threshold, all the air masses were 
considered as mixed and were excluded from further analysis.  Finally, the cloud observation hours 
related to Arctic, Eastern, Southern, Western and Local air masses were 118, 275, 152, 118 and 43, 
respectively.  

4.4.2. Effect of air mass origin to Nc, size and LWC of the cloud droplets 
 
As a next step, using the optimal threshold (PES>80%), the characteristics of all air mass regions (Arctic, 
Eastern, Southern and Western as clouds that were related with local air masses were excluded due 
to relatively small number of observations) were intercompared to reveal any patterns in cloud 
microphysical properties. In Figure 12, it is shown that the highest values of Nc (approximately 100-
200 cm-3) were associated with Southern air masses and the lowest ones (approximately 20 cm-3) were 
associated with Arctic air masses. In general, it was noticed that marine air masses arriving at the 
Sammaltunturi station resulted in lower values of Nc and the continental air masses in higher values 
of Nc. There was not any clear trend in Nc through different years of measurements. 
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Figure 12. Each single PaCE campaign cloud droplet number concentration (Nc) for (a) Arctic, (b) 
Eastern, (c) Southern and (d) Western region 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 %.  Figure from Paper IV. 

The average size distributions of cloud droplets related to each air mass origin for all PaCE campaigns 
is presented in Figure 13. Marine regions (Arctic, Western) generated cloud droplet size distributions 
with a relatively broad shape with presence of large (10‒20 μm) droplets. On the other hand, 
continental air masses generated cloud droplet size distributions with lack of large cloud droplets. In 
all cases, it was noticed that higher number concentrations of cloud droplets are related with smaller 
cloud droplet effective diameter, result that is consistent with the Twomey effect (Twomey, 1977).  
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Figure 13. 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. Figure from Paper IV. 

Along with the air mass origin, the effect of the air temperature to the size of the cloud droplets was 
also investigated. For that reason, temperature bins of 4 °C range were created (‒10 to ‒6 °C, ‒6 to ‒
2 °C, ‒2 to 2 °C and 2 to 6 °C). Cloud droplets appeared to be more prone to grow at temperatures 
larger than ‒2 °C. When the clouds were characterized by Arctic air masses, MVD and ED were 
approximately 15 µm within our temperature spectrum. Clouds related to eastern air masses were 
approximately 8 µm in majority of cases, however they showed approximately 5 µm larger cloud 
droplets in temperatures more than 0 °C. More observations on existing and wider temperature 
ranges are needed to statistically ensure those results.  

LWC of low-level clouds for the different air mass types was also investigated. The Arctic air masses 
were related to the lowest values of LWC (approximately 0.025 g m-3), whereas the Southern air 
masses were related to the highest values of LWC (> 0.05 g m-3). Western and Eastern air masses were 
related to LWC values of approximately 0.025 to 0.05 g m-3. In this study, LWC of continental air masses 
were, on average, larger than those of marine air masses. This is reflected in the higher Nc of 
continental air masses, as LWC is a function of both Nc and size of cloud droplets. 
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5. Review of papers and author contribution 

 

The author is responsible for writing the introductory part of the thesis. The publications selected in 
this dissertation are original research papers on cloud condensation nuclei laboratory experiments 
and cloud microphysical properties using a laboratory setup and ground-based cloud spectrometer 
setups respectively. The author was responsible for most of the work in papers I, II, III and IV. 

Paper I: The focus of this study was to introduce a new experimental setup for investigating CCN and 
test the proper operation of setup by performing a series of laboratory tests. The growth modelling 
data were provided by T. Raatikainen. The author built the experimental setup, post-processed and 
analyzed the results, and wrote the paper with the help of co-authors. 

Paper II: The aim of this paper was the establishment of the methodology that was used for in situ 
cloud measurements. The author post-processed and analyzed the results and wrote the paper with 
the help of co-authors. Since, during PaCE 2013, the author was not a part of FMI, the field 
measurements were carried out by the co-authors. 

Paper III: In this study, we made available to the scientific community a semi long term unique data 
set which was containing in situ cloud data and meteorological observations from eight PaCE 
campaigns. The author was responsible for most of the work in writing the manuscript, analyzing the 
data set, and writing the manuscript. PaCE 2004, 2005, 2009, 2012 and 2013 cloud measurements 
were mostly performed by the co-authors while PaCE 2015,2017 and 2019 cloud measurements were 
mainly conducted by the author. 

Paper IV: The objective of this study was to investigate how different long-range transport air masses 
can influence the microphysical properties of low-level clouds. The modelling data and the 
corresponding description of the model was provided by V. Vakkari. The author was responsible for 
most of the work on post-processing and analyzing the results and wrote the paper with the help of 
co-authors. 
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6. Conclusion and future steps 

 
In this thesis, a set of experimental laboratory and field measurements were done to increase our 
understanding on cloud condensation nuclei activation, cloud microphysics and help on developing 
methodology to conduct such measurements. 

The starting point of this work was to introduce a multi-purpose laboratory setup for investigating 
atmospherically relevant interactions between aerosol particles and water vapor under defined 
laboratory conditions, to find its optimal operational parameters, and to discuss its ability to perform 
as cloud condensation nuclei (CCN) counter (PAPER I). To verify the characteristics of the new 
introduced setup that can achieve different levels of saturations ratios several simulation and 
experimental tests were performed. Thus, the behavior of the saturation ratio inside the experimental 
setup with different flow rates was investigated. The optimal flow rate range (between 1 and 3 l min−1) 
was find out. Within this flow range, the temperature of the flow inside the CCN counter was stabilized 
soon enough that the injected particles would experience high enough supersaturation to be activated 
and at the same time not to be lost to the walls of the setups tube. After completing the 
characterization of the setup, further tests were made to prove that the setup can measure CCN. Two 
main values were calculated: the activated fraction and the growth of the activated particles. In this 
thesis, the experimental setup (FMI-ACIT) that was build was proven that it can operate as a CCN 
counter and measure the activation and the growth of ammonium sulfate particles in supersaturations 
ranging from 0.18% to 1.25%. In future work, more tests should be done on low temperatures to test 
the setups’ ability to measure ice nuclei.  

The second aim of the thesis was to explore the possibilities to monitor cloud microphysical properties 
with cloud spectrometer probes in harsh environments (PAPER II). During PaCE 2013 three different 
ground-based cloud spectrometers (FSSP, CDP and CAPS ground setups) were intercompared. This 
work was inspired by the increased demand from the scientific community for long-term continuous, 
ground-based, in-situ cloud measurements. Unfortunately, there is limited instrumentation available 
to cover such a demand and, moreover, continuous in-situ cloud measurements in conditions of 
subarctic location are very challenging. Thus, this work is not just merely an instrument comparison 
but also as an experiment on how to operate the cloud probe spectrometers to perform ground-based 
measurements in harsh environments. One of the main challenges during ground-based cloud 
spectrometers measurements is the accumulation of ice or snow on the instruments inlets or on 
crucial parts of the setups (e.g., rotation system). New upgraded deicing features are needed and can 
lead to better and longer operation. Also, I would like to highlight the need for development of a new 
generation of counters designed for ground-based in situ cloud measurements that will give us the 
possibility to perform all year-round in situ cloud measurements. 

Our main conclusion is that cloud spectrometer ground setups can be identified as a potential method 
for continuous cloud in situ measurements, however the following recommendations for their 
operation should be followed.  

1) It is optimal for the cloud probes to always continuously face the wind direction to minimize the 
sampling losses.  
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2) In case that this cannot ensured, for further analysis we recommend that only the measurements 
that are conducted in wind iso-axial conditions should be used. 

3) Deriving the sizing parameters ED and MVD for the whole wind direction spectrum could be done 
in some cases, but it must be done with insight and prudence. 

4) To derive LWC, a deployment of another sensor is proposed (e.g., the particle volume monitor) to 
serve as a reference LWC value. 

After establishing the methodology that was used for monitoring cloud microphysics, eight years of 
PaCE measurements were made available to the scientific community (PAPER III). The 
recommendations that were proposed in Paper III were adopted to perform a quality check of the 
data. In the published dataset, number concentration (cm−3 ), liquid water content (g cm−3 ), effective 
diameter (µm), median volume diameter (µm) and the calculated cloud droplet size distribution (cm−3) 
values in each bin are available combined with the following meteorological data: temperature at 570 
m (◦C), dew point (◦C), humidity at 570 m (%), pressure (hPa), wind speed (m s−1), horizontal wind 
direction (degrees), global solar radiation (W m−2), photosynthetically active radiation (µmol m−2 s −1), 
and the horizontal visibility (m). The published data set provides a helpful contribution to cloud 
microphysics processes on shorter timescales, and it can be used as complementary in model 
development.  

The published dataset was subsequently reanalyzed and combined with air mass back trajectories to 
reveal the influence of long-range transport air masses to the microphysical properties of low-level 
clouds (PAPER IV). The origin of the air masses should be considered as an important factor. We proved 
that the continental air masses (particularly air masses related to the continental Europe) led to the 
highest cloud droplet number concentrations and marine air masses (especially air masses related to 
the Artic region that corresponds to clean, natural Arctic background conditions) to the lowest ones. 
We also noticed that the size of cloud droplets was found to be influenced by the cloud droplet 
number concentration, result that agrees with the Twomey effect (Twomey, 1977). Furthermore, 
there was an indication that cloud droplets in clouds in warmer air (from ‒2 to 6 °C) were more prone 
to grow. However, more measurements are needed to confirm such temperature dependency of 
droplet sizes. LWC of continental air masses were, on average, larger than those of marine air masses. 
From this work, we point out that there is need of considering not only local meteorological 
parameters but also the air mass origin in investigations of cloud processes. Thus, we need to explore 
the value of a more dynamical perspective on observational settings in aerosol-cloud interaction area. 
In future, a quantitative analysis of the relative importance of the various factors using all year-round 
cloud data should be addressed to determine cloud properties, including both aerosols and 
meteorological parameters. 
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The Finnish Meteorological Institute–Aerosol Cloud Interaction Tube (FMI–ACIT) is a multi-purpose
instrument for investigating atmospherically relevant interactions between aerosol particles and water
vapor under defined laboratory conditions. This work introduces an experimental setup of FMI–ACIT
for investigation of the aerosol activation and the droplet growth under supersaturated conditions.
Several simulations and experimental tests were conducted to find out what the proper operational
parameters are. To verify the ability of FMI–ACIT to perform as a cloud condensation nuclei (CCN)
counter, activation experiments were executed using size selected ammonium sulfate [(NH4)2SO4]
particles in the size range of 10–300 nm. Supersaturations from 0.18% to 1.25% were tested by
experiments with different temperature gradients. Those showed that FMI–ACIT can effectively
measure CCN in this range. Measured droplet size distributions at supersaturations 0.18% and 1.25%
are in good agreement with those determined by a droplet growth model. Published by AIP Publishing.
https://doi.org/10.1063/1.5037298

I. INTRODUCTION

Aerosols play an important role in the atmospheric radi-
ation budget; they can absorb or scatter the incoming or
outgoing radiation and they have a potential to activate into
cloud droplets, i.e., act as cloud condensation nuclei (CCN).
The ability of aerosols to act as CCN is dependent on the
supersaturation of water vapor, aerosol size and its chemical
composition.1 Properties of clouds and their formation pro-
cesses are poorly understood particularly in mixed phase and
ice clouds.2

Numerous devices with different set ups were built for
measuring CCN. Those devices can be classified into two
major categories according to the way they produce water
vapor supersaturation, first by using the nonlinear dependence
of water vapor pressure upon temperature and second by using
the difference between water vapor diffusivity and thermal dif-
fusivity. The first mechanism is widely used in static diffusion
chambers3,4 and the second mechanism is used in laminar flow
chambers.5–8

Nenes et al.9 made a theoretical analysis of basic cloud
condensation nucleus devices which involves both static dif-
fusion chambers and laminar flow diffusion chambers. The
original design of a static diffusion chamber was presented
by Twomey.3 There, two metal parallel plates, one hot and
one cold, were placed with their facing surfaces wetted. Sin-
narwalla and Alofs10 developed the continuous flow parallel
metal plate thermal diffusion chamber to avoid some limita-
tions that the static diffusion chamber had. An improvement

a)Author to whom correspondence should be addressed: konstantinos.
doulgeris@fmi.fi

version of the continuous flow parallel metal plate thermal dif-
fusion chamber was introduced by Fukuta and Saxena11 where
the gradient in temperature was imposed perpendicular to the
flow direction so that particles with the same residence time
experience different supersaturations along different stream-
lines. Hudson5 modified the continuous flow thermal diffusion
chamber and built a dynamic spectrometer which could sim-
ulate conditions of a warm cloud and it could be used also in
airborne measurements. Chuang et al.,12 introduced the Cal-
tech spectrometer which used the Hudson method in a flow
tube.

During the last couple of decades several attempts have
taken place to construct and introduce CCN counter devices
with different possibilities and features. Giebl et al.13 investi-
gated CCN activation of oxalic and malonic test aerosols using
the University of Vienna cloud condensation nuclei counter
which operated on the principle of a static thermal diffusion
chamber and could have supersaturations in the range from
0.1% to 2%. Stratmann et al.6 introduced Leipzig Aerosol
Cloud Interaction Simulator (LACIS) which was based on a
laminar flow tube. Wex et al.14 proved that LACIS can per-
form as CCN detector and is able to measure hygroscopic
growth of atmospheric particles. Snider et al.15 developed and
introduced the Wyoming CCN Instrument, a thermal diffusion
cloud chamber. Roberts and Nenes7 introduced a cylindri-
cal continuous-flow thermal-gradient diffusion chamber that
provides in situ measurements of CCN and can be operated
in airborne measurements for supersaturations from 0.1% to
3%. This instrument produces supersaturation by establish-
ing a constant streamwise temperature gradient so that the
difference in water vapor and thermal diffusivity yields a
quasi-uniform centerline supersaturation. Later, Lance et al.16

explored fully the possibilities of this instrument by using a
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numerical model. Rose et al.17 gave a full description of the
measurement uncertainties of the instrument based on calibra-
tion experiments CCN counter using ammonium sulphate and
sodium chloride particles and determined the supersaturation
using Köhler theory.18

Both static diffusion chambers and laminar flow chambers
have been also used for other purposes except for measuring
CCN. Further investigations were made with several different
CCN counters which were modified in order to investigate
ice nucleation.19–21 Connolly et al.8 introduced a laminar flow
tube with larger dimensions (10 m high, 1 m diameter) with
the ability to measure ice crystals.

In 2001, Lihavainen and Viisanen22 built a laminar flow
diffusion chamber for studying homogeneous nucleation of
n-hexanol. Based on their design, we developed an alterna-
tive version of the laminar flow diffusion chamber in order
to measure ice and cloud droplet formation under defined
laboratory conditions. The relatively large dimensions of the
Finnish Meteorological Institute–Aerosol Cloud Interaction
Tube (FMI–ACIT) setup allows long (tens of minutes) steady
state measurements. Our future work will concentrate on
testing FMI–ACITs’ ability to investigate ice nuclei forma-
tion, but in this paper we focus on CCN. The experimen-
tal setup of FMI–ACIT is described in detail in Sec. II A.
In Secs. II B and II C, a finite element method (femtube2
model) and a droplet growth model that are used for the
comparison with our experimental data are presented. Sub-
sequently, in Sec. III A, operational parameters of FMI–ACIT
are investigated and chosen based on the femtube2 model
and several experimental tests. In Sec. III B, experimental
CCN activation tests that characterize our setup are pre-
sented. Finally, we compare aerosol growth calculated by the

model to that from the experimental tests for two different
supersaturations.

II. METHODS
A. Experimental setup

FMI–ACIT is based on the principle of a laminar flow
diffusion chamber,22 but it shares the design of a laminar flow
tube just as used in our previous studies.23,24 The experimen-
tal setup of FMI–ACIT is presented in Fig. 1. It consists of
three main parts: a humidification system (HS), a preheater
(PR), and a condenser (C), which are described in the follow-
ing text. The set values of all the flows and the temperatures
of the three main parts were kept constant during each exper-
iment. The temperatures of the humidification system (THS)
and preheater (TPR) are adjustable and controlled by circu-
lating liquid baths (LAUDA RC 6 CS), and the temperature
of the condenser (TC) is adjustable and controlled by another
circulating liquid bath (LAUDA Proline RP 1845). The tem-
peratures are measured with six PT100 probes (one in the
humidification system, two in the preheater, and four in the
condenser). Every part of the FMI–ACIT is insulated from the
environment.

Polydisperse aerosol was produced by an aerosol gen-
erator (Topas, model ATM226) and subsequently dried with
silica-gel dryer. The polydisperse aerosol was then size
selected by a differential mobility analyser (DMA, Hauke-
type, length 0.109 m). The DMA was operated with 2.0 l min−1

aerosol and 10.0 l min−1 sheath and excess air flows. The ini-
tial concentration of monodisperse aerosol, before entering
the humidification system of the FMI–ACIT, was measured

FIG. 1. The experimental setup of
FMI–ACIT. AG represents the aerosol
generator (Topas, model ATM226),
CPC represent the condensation parti-
cle counter (CPC, model 3776, TSI,
Inc.) and DMA represents the differ-
ential mobility analyser (DMA, Hauke-
type, length 0.109 m). The temperatures
are measured with six PT100 probes
(one in the saturator, one in the pre-
heater, and four in the condenser). OPS
represent Optical Particle Sizer (OPS
model 3330, TSI, Inc. USA) which is
used as a counter in this work.



124201-3 Doulgeris et al. J. Chem. Phys. 149, 124201 (2018)

by a condensation particle counter (CPC, model 3776, TSI,
Inc.).

The humidification system used in the experimental setup
of this work consists of one saturator and four nafion humidi-
fiers. One humidifier was placed after the aerosol size selection
and the remaining three humidifiers were placed in paral-
lel to the saturator to humidify the sheath flow. The four
nafion humidifiers were used only during initial tests and espe-
cially at high flow rates (6–10 l min−1) in order to ensure
that desired supersaturation will be achieved inside the con-
denser. During the activation experiments (Sec. III B), only
one humidifier was used (the one after the aerosol size selec-
tion). The saturator is a horizontal iron tube with a Teflon
insert having an inner diameter, I.D ID = 5 cm and length
L = 1 m. A steady flow of purified and particle free air was
introduced to the humidification system using ultrapure milli-
Q water (resistivity 18.2 MΩ cm@at 25 ◦C). The air runs
through a set of high efficiency particle absorbers (HEPA
filters, Pall Corp.) and active carbon capsules (Pall Corp.)
before entering the saturator/humidifiers. The temperature of
the humidification system controls the amount of vapor in the
air flow. All humidifiers and the saturator were set to the same
temperature.

Aerosol enters the preheater from the humidification sys-
tem through the stainless steel tube I.D. ID = 4 mm and length
(inside the preheater) = 5 cm. Preheater is a stainless steel
cylinder and has I.D. ID = 6 cm and L = 0.5 m. The sheath
flow enters the preheater via a Teflon part having ports of I.D.
ID = 1 mm. The ports were drilled in as concentric circles
with 1 cm gap around the aerosol inlet and 1 cm from the
flow tube preheater wall. The total flow inside the flow tube
is combined aerosol and sheath flow. Those are kept constant
with a mass flow controller to within ±3% (MKS type 250).
The sheath flow was measured continuously with a mass-flow
meter (model 4043, TSI, Inc.) placed before the humidifica-
tion system and the aerosol flow was measured before and
after every run with a bubble flow meter (Gilian Gilibrator-
2 air flow calibrator, Sensidyne) placed after the DMA and
before the flow enters the nafion humidifier. The temperature
of the preheater was set always higher (∼1◦) than the tem-
perature of the humidification system in order to stabilize the
flow and avoid condensation in the top section of the flow
tube.

The condenser is a stainless steel cylinder and has I.D.
ID = 6 cm and L = 1 m. Both the preheater and the con-
denser are installed vertically to avoid gravitational settling
of the particles. The connection between preheater and con-
denser was insulated to make as steep temperature change as
possible and thus create supersaturation at well-defined con-
ditions. Thermal separation was made with a Teflon insulator
with a thickness of 2 cm and I.D. ID = 6 cm. Figures 2(a) and
2(b) demonstrate typical profiles of temperature and saturation
ratio inside the condenser using conditions from the experi-
mental measurements. The conditions used for the simulations
were THS = 299.00 K, TPR = 300.00 K, TC = 281.00 K, and
Qtot = 2.0 l min−1. The higher saturation ratio was first reached
close to the wall since the flow started to cool from the wall
toward the centerline. This is because the rate of heat trans-
fer by conduction is lower than the rate of mass transfer by

molecular diffusion.25 Saturation ratios inside the condenser
centerline range from 0.94 to 1.1. This is because the rate of
heat transfer by conduction is lower than the rate of mass trans-
fer by molecular diffusion.25 The temperature of the condenser
had a drop in its first 20 cm. After the first 20 cm of the con-
denser, the mixture in the centerline reached the same temper-
ature with the tube walls. Figure 2(c) represents both the satu-
ration ratio and the temperature along the centerline of the con-
denser. Saturation ratio increased sharply from sub-saturated
conditions to supersaturated conditions (saturation ratio higher
than 1). After this sharp increase, the saturation ratio reached
its maximum value (around 20 cm from the beginning of the
condenser) and decreased slowly to the saturation ratio of 1.
The saturation ratio during this simulation example reached
a maximum value of 1.013 along the centerline. The full
description of the model used for the simulation is presented in
Sec. II B.

Particles are injected to the preheater close to the cen-
terline so that they have similar relative humidity history and
residence time and also to avoid wall losses. Ideally, every
single particle would be travelling only along the center-
line of the preheater and the condenser, but in reality some
particles traveled through regions with different saturation
ratios.

An Optical Particle Sizer (OPS model 3330, TSI, Inc.
USA) which detects particles in the range 0.3–10 µm was
used as a counting system and it was connected to the end of
the condenser. The OPS was modified in a way that the OPS
pump was bypassed and the flow tube total flow passed through
the OPS counting chamber, and the raw counts were corrected
accordingly.

B. Finite element method tube2 model description

The saturation ratio and the temperature profiles inside the
condenser of the FMI–ACIT cannot be measured experimen-
tally. For that reason, we adopted the existing finite element
method tube 2 (femtube2) model, which is described in detail
in the study of Lihavainen.26

The model solves five coupled differential equations, heat
and mass transfer, equations of motions, and an equation of
continuity to simulate the flows inside the condenser. However,
in order to simplify these equations, several assumptions were
made. These are that the equations can be solved in a steady
state, the effect of radial velocity is negligible and set to zero,
and the flow is incompressible. The simplifications of the equa-
tions of motion lead to a simple problem that was analytically
solved and produced a parabolic lateral velocity profile.27 The
boundary conditions for the heat and mass transfer equations
are

T (r, z = z0) = TPR, (1)

T (R0, z0 < z ≤ 0) = TPR, (2)

T (R0, z > 0) = TC , (3)

ω(r, z = z0) = ωeq(THS), (4)

ω(R0, z0 < z ≤ 0) = ωeq(THS), (5)

ω(R0, z > 0) = ωeq(TC), (6)
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FIG. 2. Simulated profiles of (a) the temperature and (b) the saturation ratio inside the FMI–ACIT where the y-axis and x-axis represents the radial and lateral
coordinates of the condenser. (c) Details of temperature (T ) and the saturation ratio (S) along the center line of the condenser as calculated with the femtube2
model. Temperatures of the humidification system, the preheater, and the condenser were set as 299.00, 300.00, and 281.00 K, respectively. The total flow rate
inside the condenser was 2 l min−1 and the flow direction is from left to right.

where TPR is the temperature of the preheater, TC is the tem-
perature of the condenser, THS is the temperature of the humid-
ification system, and R0 is the radius of the tube. Additionally,
ωeq(THS) is the mass fraction of water vapor defined by the sat-
uration vapor pressure at the temperature THS, ωeq(TC) is the
mass fraction of water vapor defined by the saturation vapor

pressure at the temperature TC , z = 0 is the boundary point
between the preheater and the condenser, and z0, −10 cm, is
a chosen starting point of calculations in the preheater. The
first boundary condition in Eq. (1) sets the temperature at z0

to that of the preheater. The second boundary condition in
Eq. (2) sets the temperature of the wall between the starting
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point of the calculation, z0, and the boundary between the pre-
heater and the condenser, z = 0. The third boundary condition
in Eq. (3) sets the temperature at the wall of the condenser.
The fourth boundary condition in Eq. (4) sets the mass frac-
tion profile across the tube at z0 to the value defined by the
equilibrium vapor pressure at the temperature of the saturator.
The fifth boundary condition in Eq. (5) sets the mass fraction
of the vapor at the wall between z0 and z to the same value as
the fourth boundary condition. The sixth boundary condition
in Eq. (6) sets the mass fraction at the wall of the condenser
to the value defined by the equilibrium vapor pressure at the
temperature of the condenser wall. As a binary diffusion coef-
ficient (DAB), we used the most common expression based on
both theory and interpolation of experimental data by Hall and
Pruppacher.28

The simulation based on the Eulerian equations provides
us profiles of the temperature (T ) and saturation ratio (S)
inside the preheater and the condenser. Boundary conditions
for the simulations that are presented in this study were set
to match the values of the experimental conditions. These
parameters are the temperature of the walls of the preheater
and the condenser, the temperature of the laboratory which
was measured directly, the total flow rate inside the flow
tube, the atmospheric pressure and the dimensions of the flow
tube.

C. Droplet growth model

To describe the growth of the particles inside the flow
chamber, we used the droplet growth model as described
in detail in Raatikainen et al.29 The rate of the change
of the droplet size is described by the differential growth
equation,30,31

Dp
dDp

dt
=

S − Seq

ρwRT∞
4po(T∞)D′uMw

+ ∆Huρw
4k′aT∞

(
∆HuMw

T∞R − 1
) , (7)

where Dp is the droplet diameter, S and Seq are ambient and
droplet water equilibrium saturation ratios, ρwis the water den-
sity, Mw is the molar mass of water, T∞ is temperature of
the environment, po(T∞) is water saturation vapor pressure at
temperature of the environment, and ∆Hu is the water vapor-
ization enthalpy. Equation (7) is considered as an initial value
problem where temperature and water vapor saturation ratio
depend on time or on the location of the droplet in the flow
tube. The femtube2 model was used to generate supersatura-
tion and temperature profiles inside the flow tube as described
in Sec. II B, and the droplet velocity was calculated from
the total flow rate while assuming a parabolic lateral velocity
profile.

Equation (7) contains D′u which is the diffusivity of water
and the k ′a which is the thermal conductivity of air that account
for non-continuum effects,31

D′u =
Du

1 + 2Du
acDp

√
2πMw
RT∞

, (8)

k ′a =
ka

1 + 2ka
aT Dpρacp

√
2πMa

RT

, (9)

where Du is the diffusivity of water vapor in air, ac is the
condensation coefficient, Ma is the average molar mass of air,
ka is the thermal conductivity of air, ρa is the density of air, cp

is the heat capacity of air, and aT is the thermal accommodation
coefficient.

For the calculation of the water equilibrium saturation
ratio of the growing droplets, Köhler theory is used,17

Seq = aw exp

(
4σMw

RT∞ρwDp

)
, (10)

where σ is the surface tension and aw is the Raoult term and
it is calculated following the kappa-Köhler approach32,33

aw =
*..
,
1 +

κ(
Dp/Ddry

)3
− 1

+//
-

−1

, (11)

where Ddry is the dry diameter of the particle and κ is a single
solute hygroscopicity parameter.

All the parameters of the droplet growth model are
presented in the supplementary material in Tables SI–SIII.

III. RESULTS

All the FMI–ACIT experiments were made at the Finnish
Meteorological Institute, Helsinki, Finland. First, we present
which were the best operational parameters (flow rate and tem-
peratures) of the flow tube by modifying initial parameters
for femtube2 model simulations. To verify the best flow rate
found by the simulations, an experimental particle transmis-
sion efficiency test was also conducted. All these findings are
presented in Sec. III A. Then, to test the functionality of FMI–
ACIT as a CCN counter device, several CCN experiments were
conducted using the best operational parameters. We injected
size-selected ammonium sulfate [(NH4)2SO4] particles into
the flow tube at different supersaturations. Our experimental
results are presented in Sec. III B and show that FMI–ACIT
can perform as a CCN counter.

A. Operational characteristics of the FMI–ACIT

The parameters and the conditions of this experimental
setup can be modified to achieve different levels of satura-
tion ratios. Several simulations and numerous experimental
tests were made to investigate and verify the most suitable
operational conditions for the FMI–ACIT.

First, we explored which is the most suitable total flow
rate, i.e., the sum of the sheath and the aerosol flow rates.
Using the femtube2 model, we investigated the behavior of
the saturation ratio (S) and the temperature along the center
line of the condenser. The following temperature conditions
(THS = 299.00 K, TPR = 300.00 K, and TC = 281.00 K) were
used for the simulations and the total flows were changed
from 0.5 to 1.0 and then up to 10.0 l min−1 with steps of
1.0 l min−1.

Figures S1 and S2 present the saturation ratio and tem-
perature of the condenser, respectively, for four different flow
rates; see the supplementary material for details. Knowing
that the aerosol is injected close to the centerline, Figs. 3(a)
and 3(b) show these parameters along the centerline of the

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-020836
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-020836
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FIG. 3. Details of (a) the saturation ratio (S) and (b) the temperature along the centerline of the condenser (TC) as calculated with the femtube2 model for
different total flow rates (QTOT). Conditions for the simulations were THS = 299.00 K, TPR = 300.00 K, and TC = 281.00 K.

condenser for all the studied flow rates. Figure 3(a) shows
that by increasing the total flow rate, the location of the max-
imum saturation ratio moved further along the centerline of
the condenser. For total flow rates higher than 3.0 l min−1, the
maximum saturation ratio was observed after 0.4 m along the
centerline of the condenser. For flows higher than 2.0 l min−1,
there was no change in the maximum saturation ratio along
the tube centerline, but these maximum saturation ratios were
lower than those for 0.5 and 1.0 l min−1 flow rates. In this par-
ticular example, the maximum saturation ratio increases from
a value of 1.013 for the total flow rate of 2.0 l min−1 to val-
ues of 1.017 and 1.030 for total flow rates of 1.0 l min−1 and
0.5 l min−1, respectively. Finally, Fig. 3(b) indicates that for
total flow rates higher than 3.0 l min−1, the temperature of
the condenser along its centerline did not have enough time to
reach the temperature of the condenser wall.

In addition to the simulations that were performed, an
experimental transmission efficiency test was done to quan-
tify the particle losses using six different total flow rates.
During this test, temperatures of the humidification system,
preheater, and condenser were kept constant (THS = 299.00 K,
TPR = 300.00 K, and TC = 281.00 K) and total flow rates of
1.0, 2.0, 3.0, 5.0, 8.0, and 10 l min−1 were set inside the con-
denser. Monodisperse ammonium sulfate particles with the
sizes of 100, 200, and 300 nm were used since these particles
should be activated at the supersaturations predicted by the
femtube2 model. The number concentration of monodisperse
dry aerosols (between 400 and 750 cm−3) was continuously
measured at the beginning of the humidification system and
droplets were continuously measured at the end of the con-
denser (between 150 and 745 cm−3). Their ratio produced the
counting efficiency for each total flow rate; the results are pre-
sented in Fig. 4 as a penetration through the flow tube as a
function of the total flow rate.

Using both simulations and the experimental particle
transmission efficiency test, it seems that the FMI–ACIT per-
forms the best at total flow rates between 1 and 3 l min−1. At
lower total flow rates (<1 l min−1) the particles grow to bigger
sizes, but they could be lost to the wall due to slow flow. At
higher total flow rates (>3 l min−1), it takes relatively long for
the temperature of the flow to stabilize and reach the condenser
wall temperature. As a result, the particles do not experience

high enough supersaturation to be activated. The OPS can reg-
ister particles larger than 300 nm, but its counting efficiency
is only ∼50% at that size.

Every further operation tests in this work were made using
the total flow rate of 2.0 l min−1 with the resulting Reynolds
number around 30, i.e., the flow inside the flow tube was lam-
inar. Residence time, which is the time for particles to travel
through the condenser along the centerline, for total flow of
∼2.0 l min−1 was ∼50 s.

B. FMI-ACIT as a CNN counter

After we completed the characterization of the flow tube,
we used the most suitable parameters as Sec. III A suggested
and tested the FMI–ACIT setup as a CCN counter by perform-
ing a series of experiments. Monodisperse ammonium sulfate
[(NH4)2SO4] aerosol was produced and used for every test
that was conducted. Purified, particle free air was used as a
carrier gas and a total flow rate of 2.0 l min−1 was used for the
experiments as the simulation and the flow rate transmission

FIG. 4. Particle penetration efficiencies (P) as a function of total flow rate
(QTOT) for 100, 200, and 300 nm particles. Conditions for the tests were THS
= 299.00 K, TPR = 300.00 K, and TC = 281.00 K. According to the femtube2
model, maximum supersaturation along the centerline of the condenser range
from 1.70% to 1.10%. Solid lines are interpolation curves and they were made
were made just to lead readers’ eyes.
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FIG. 5. (a) Activated fraction (AF) versus dry diameter (Dp) of ammonium sulfate particles for each ∆T. Nonlinear curve fit was calculated using the sigmoidal
dose response function. (b) Maximum supersaturation as it was simulated using the femtube2 model and experimental supersaturation (%) versus the temperature
of humidification system. ∆T (difference between the temperature of the humidification system and the condenser) is also provided.

efficiency test suggested. All measurements were performed
at ambient atmospheric pressure (∼1 atm). The sheath flow
rate was measured continuously during the experiments using
a mass-flow meter (model 4043, TSI, Inc.). The aerosol flow
rate was measured and checked both at the beginning and the
end of each measurement using a bubble flow meter (Gilian
Gilibrator-2 air flow calibrator, Sensidyne). A sheath to aerosol
flow ratio of 8(±0.2) inside the condenser was used during all
the experimental tests.

Activation of ammonium sulfate particles was measured
for six humidification system and condenser temperature
differences (∆T ): 18.00, 17.50, 17.25, 17.00, 16.75, and
16.50 K. Every ∆T yielded a different supersaturation inside
the condenser as described below.

Dry ammonium sulfate particles with diameters ranging
from 10 to 300 nm were used in each measurement. From 10 to
30 nm, we used step of 5 nm, from 30 to 100 nm, step of 10 nm
and last three sizes were 150, 200, and 300 nm. Each size that
was injected inside the preheater was measured for 7 min. After
that, we were waiting until OPS showed zero particle counts
and then we were waiting five more minutes to ensure that
the tube did not contain any particles. We repeated the same
procedure for the following size until we obtained the full size

TABLE I. FMI–ACIT temperature gradients along with D50 and supersatu-
ration during our experiments. THS is the temperature of the humidification
system, TPR is the temperature of the preheater, and TC is the tempera-
ture of the condenser. D50 was determined as the dry diameter for which
activated fraction of particles reach 50%. ∆T is the humidification sys-
tem and condenser temperature difference. SSexp (%) is the experimental
supersaturation inside the condenser and SSmod is the maximum supersat-
uration along the centerline of the condenser as predicted by the femtube2
model.

THS TPR TC ∆T D50 SSexp SSmod

(K) (K) (K) (K) (nm) (%) (%)

299.00 300.00 281.00 18.00 25.25 1.25 1.30
298.50 299.50 281.00 17.50 30.35 0.94 0.92
298.25 299.25 281.00 17.25 32.90 0.78 0.71
298.00 299.00 281.00 17.00 43.90 0.53 0.52
297.75 298.75 281.00 16.75 62.30 0.31 0.34
297.50 298.50 281.00 16.50 87.00 0.18 0.16

range. Next step was to let the FMI–ACIT dry and purify at
elevated temperature (∼303 K) overnight. Next day, when the
tube was completely dry and clean, we repeated the same cycle
for the same conditions to confirm the reproducibility of our
measurements.

From these experimental measurements, we calculated
two main values to test that FMI–ACIT is able to work as
a CCN counter; activated fraction and growth of the activated
particles.

First, the activated fraction was defined as CA,END/CA,INIT,
where CA,END is the concentration of activated aerosol at the
end of FMI–ACIT measured by the OPS and CA,INIT is the
initial concentration of aerosol before entering the preheater
measured by the CPC. For the calculation of CA,END, we elimi-
nated the first three bins of the OPS counter representing sizes
below 0.65 µm. This choice was made due to noisy counts
caused by instruments artifacts independent on any flow tube
operational parameter. This resulted in slightly underestimated
values of CA,END. For every set of dry sizes, a sharp increase
of the activated fraction occurs and an activated fraction curve
was produced by fitting to our experimental data. Figure 5(a)
presents the six obtained activation curves. Higher values of
∆T produced higher values of SS through the centerline of the
condenser. For larger particles, the activated fraction increased

FIG. 6. Experimental supersaturation versus model predicted maximum
supersaturation (%). The red line represents a 1-1 line and the blue line
represents linear fit to the six points.
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FIG. 7. Predicted and measured droplet size distributions for supersaturation of 1.25% and 0.18%. The difference between predicted and measured sizes indicates
that some particles were travelling through different supersaturations.

and approached the average value 0.91 with standard devia-
tion of 0.11. In order to obtain the experimental supersaturation
(SSexp),33 D50 diameter was found from each activated frac-
tion curve. D50 was determined as the dry diameter for which
activated fraction of particles reached 50%. Finally, using
the particle size at 50% activated fraction and the tempera-
ture of the condenser, the experimental supersaturation inside
the condenser was calculated from the Köhler theory,17,32 as
shown in Eq. (10). Table I shows the temperature gradients
that were used in this work, D50 values, and the six different
SSmod and SSexp inside the condenser. SSmod is the maximum
supersaturation along the centerline of the condenser as pre-
dicted by the femtube2 model. Figure 5(b) shows the modeled
and the experimental supersaturations for each ∆T. In the text
below, we refer to each experiment using the experimental
supersaturation (SSexp).

A comparison of the model predicted and experimen-
tal supersaturations is presented in Fig. 6. A linear fit based
on these six points is presented and shows very good agree-
ment between the two supersaturation values (R2 = 0.98).
Standard deviation for each point is a result of four experi-
ments conducted at the same conditions in order to prove the
reproducibility of our results.

At lower supersaturation inside the tube (<0.4%) dou-
bly charged particles were noticed for dry diameters from
10 to 50 nm. Figure S3 shows two activated fraction curves
for two different supersaturations lower than 0.4%; see the
supplementary material for details. DMA selects particles of
one mobility but they are not all singly charged. This leads to
the case that there are particles with the same mobility but some
of them are slightly larger. Because of their larger diameter,
the doubly charged particles activate at a lower supersatura-
tion than the singly charged particles of the same electrical
mobility. Doubly charged particles produced a small increase
in activated fraction for sizes lower than 50 nm in both cases.
For the analysis of the activated fraction curve in order to find
the particle size at 50%, counts of doubly charged particles
were determined and subtracted from Nccn/Ncn, as described
in Frank et al.34

The second factor that was investigated was the growth of
activated aerosol. To evaluate the particle growth, a compari-
son of the measured and modeled (Sec. II C) size distribution

for 200 nm ammonium sulfate particles was done. In Figs. 7(a)
and 7(b), we present the modeled and measured size distribu-
tion for supersaturations 1.25% and 0.18%. We calculated the
size of the droplets using the centerline saturation ratio pro-
files that are shown in Fig. 3(a). Time coordinates that are
needed to solve the droplet growth equation was calculated
from the lateral coordinate by using the known centerline flow
velocity. For simplicity, we refer to those profiles with their
maximum supersaturation SS. An assumption of the model
is that all the particles have exactly the same dry size and
they are travelling in a narrow region close to the centerline
of the condenser, which is calculated based on the sheath-to-
aerosol flow ratio and the instrument dimensions. This results
in a narrow droplet size distribution. However as we can see
in both figures, some particles obviously travel through the
regions with slightly different supersaturations. This resulted
in a wider size distribution counted by the OPS. For example,
for supersaturation of 0.18% inside the FMI–ACIT, the model
predicts that 200 nm particles will grow to 1.4 µm. However,
during measurements the same particles grew to different sizes
and produced a wider size distribution with the mode droplet
size of 1.8 µm.

IV. CONCLUSIONS

In this work, we have presented and introduced an experi-
mental setup of a laminar flow tube, the Finnish Meteorological
Institute–Aerosol Cloud Interaction Tube (FMI–ACIT), that
can measure the activation and subsequent growth of aerosols
under defined laboratory conditions. FMI–ACIT was built in
the Finnish Meteorological Institute and the goal was to find
and verify the optimal operational characteristics of this exper-
imental setup. First, a full characterization of the setup was
made. The set of optimal working parameters for the proper
operation of the FMI–ACIT were chosen using a combination
of model simulations and experimental tests. Finally, further
experiments were made to test if FMI–ACIT could be operated
as a cloud condensation nuclei (CCN) counter.

Model simulations and the experimental tests showed that
total flow rates between 1 and 3 l min−1 are the best for the
operation of the FMI–ACIT. At lower flow rates (<1 l min−1)
and at higher flow rates (>3 l min−1), we faced particle losses

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-020836
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(>30%). Therefore, 2.0 l min−1 flow rate was used for all
further tests that have been made in this study.

In order to test our setups’ ability to count CCN, dif-
ferent sizes of monodisperse particles of ammonium sulfate
[(NH4)2SO4] were used to determine supersaturation inside
the flow tube. The comparison of the experimental supersatu-
ration with those from the simulations showed good agreement
and proved that FMI–ACIT was able to count activated parti-
cles of ammonium sulfate for supersaturations in the range
from 0.18% to 1.25%. Finally, we compared the observed
droplet size distributions with those predicted by a droplet
growth model. Results showed that the observed size distri-
butions are wider at supersaturations of 0.18% and 1.25%,
which indicates that particles in this experimental setup experi-
enced a more variable supersaturations than considered by the
model.

It can be concluded that FMI–ACIT functionality to mea-
sure the activation and the growth of ammonium sulfate par-
ticles in supersaturations ranging from 0.18% to 1.25% was
tested successfully. Future work will concentrate on low tem-
perature measurements that are needed to test the setups’
ability to measure ice nuclei.

SUPPLEMENTARY MATERIAL

See supplementary material for profiles of the saturation
ratio and temperature inside the FMI–ACIT condenser as func-
tion of different flow rates. Doubly charged particles for low
supersaturations are also presented.
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Abstract. Continuous, semi-long-term, ground-based in situ
cloud measurements were conducted during the Pallas Cloud
Experiment (PaCE) in 2013. The measurements were car-
ried out in Finnish sub-Arctic region at Sammaltunturi sta-
tion (67◦58′ N, 24◦07′ E; 560 m a.s.l.), part of Pallas Atmo-
sphere – Ecosystem Supersite and Global Atmosphere Watch
(GAW) program. The main motivation of the campaign was
to conduct in situ cloud measurements with three differ-
ent cloud spectrometer probes and perform an evaluation
of their ground-based setups. Therefore, we mutually com-
pared the performance of the cloud and aerosol spectrome-
ter (CAS), the cloud droplet probe (CDP) and the forward-
scattering spectrometer probe (FSSP-100) (DMT; Boulder,
CO, USA). We investigated how different meteorological pa-
rameters affect each instrument’s ground-based setup opera-
tion and quantified possible biases and discrepancies of dif-
ferent microphysical cloud properties. Based on the obtained
results we suggested limitations for further use of the instru-
ment setups in campaigns where the focus is on investigat-
ing aerosol–cloud interactions. Measurements in this study
were made by instruments owned by the Finnish Meteorolog-
ical Institute and results concern their operation in sub-Arctic
conditions with frequently occurring supercooled clouds.

The measured parameter from each instrument was the
size distribution, and additionally we derived the number
concentration, the effective diameter, the median volume di-
ameter and the liquid water content. A complete intercom-
parison between the CAS probe and the FSSP-100 ground
setups and additionally between the FSSP-100 and the CDP
probe ground setups was made and presented. Unfortunately,

there was not a sufficient amount of common data to compare
all three probes together due to operational problems of the
CDP ground setup in sub-zero conditions. The CAS probe
that was fixed to one direction lost a significant number of
cloud droplets when the wind direction was out of wind iso-
axial conditions in comparison with the FSSP-100 and the
CDP, which were both placed on a rotating platform. We re-
vealed that CAS and FSSP-100 had good agreement in deriv-
ing sizing parameters (effective diameter and median volume
diameter from 5 to 35 µm) even though CAS was losing a sig-
nificant amount of cloud droplets. The most sensitive derived
parameter was liquid water content, which was strongly con-
nected to the wind direction and temperature.

1 Introduction

Clouds and their interaction with aerosol particles provide
some of the greatest uncertainties in predictions of climate
change (Boucher et al., 2013). Therefore, in situ measure-
ments of clouds play a key factor for further investigation of
the aerosol–cloud interaction area. Many of the climatically
important cloud properties (e.g., albedo, precipitation rate
and lifetime) depend, among other factors, on the number
concentration of aerosol particles and on their chemical com-
position (Komppula et al., 2005; Lihavainen et al., 2008).
Measuring the cloud size distribution is an important param-
eter for the identification and description of clouds, their mi-
crophysical properties (Pruppacher and Klett, 1977; Rosen-
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feld and Ulbrich, 2003) and their lifetime (Albrecht 1989;
Small et al., 2009).

One major category of instruments that it is commonly
used for in situ cloud measurements is known as cloud spec-
trometers (e.g., Knollenberg, 1976; Dye and Baumgardner,
1984; Wendish et al., 1996; Baumgardner et al., 2001, 2014;
Lance et al., 2010). Cloud spectrometers are single particle
counters that use forward scattering, usually with the an-
gles between 4 and 12◦ of a laser beam, to detect and clas-
sify individual particles in different size bins. The main the-
ory used for the particle sizing based on the scattering of
light from single particles is the Lorenz–Mie theory (Mie,
1908). Several experiments were conducted with these in-
struments; they mainly cover laboratory (e.g., Wagner et al.,
2006; Smith et al., 2015; Nichmann et al., 2017), ground-
based (e.g., Mertes et al., 2001; Henning et al., 2002; Eugster
et al., 2006; Lihavainen et al., 2008; Guyot et al., 2015; Lloyd
et al., 2015; Lowenthal et al. 2019) and airborne measure-
ments (e.g., Knollenberg et al., 1981; Heymsfeld et al., 2004;
McFarquhar et al., 2007; Bromwich et al., 2012; Johnson et
al., 2012; Jones et al., 2012; Brenguier et al., 2013; Beswick
et al., 2014; Luebke et al., 2016; Korolev et al., 2014; Petäjä
et al., 2016; Wendish et al., 2016; Voigt et al., 2017; Faber et
al., 2018).

In addition to the abovementioned experiments, many
studies were done to quantify biases, uncertainties and lim-
itations of cloud spectrometers while they were used in
measurement campaigns. Uncertainties were usually a result
of different meteorological conditions. Baumgardner (1983)
presented a comparison of five water droplet instruments, in-
cluded the axially scattering spectrometer (ASSP) and the
forward-scattering spectrometer probe (FSSP). He concluded
that scattering probes had an accuracy of 17 % in num-
ber concentration and size measurements. A full description
and evaluation of the FSSP was made by Baumgardner et
al. (1985) investigating coincidence and dead-time losses and
by Baumgardner et al. (1990) investigating time response and
laser inhomogeneity limitations. Baumgardner et al. (1989)
made a calibration of the FSSP during the airborne Antarc-
tic zone experiment and set further limitations to be applied
during the data analysis of this project. A similar study from
Baumgardner et al. (1992) was conducted for the FSSP dur-
ing the airborne Arctic stratospheric expedition where an
improved forward-scattering spectrometer probe, the FSSP-
300, was developed and introduced. Wendisch (1998) pre-
sented a quantitative comparison of ground-based FSSP with
a particle volume monitor. He stated that FSSP can be re-
garded as an excellent microphysical sensor in continental,
stratiform or cumuliform clouds with mostly small drops;
however he noticed some discrepancies in the liquid water
content, especially when cloud droplets larger than 25 µm
were considered. Gerber et al. (1999) performed and evalu-
ated ground-based measurements of liquid water content us-
ing also an FSSP and a particle volume monitor (PVM). They
observed large discrepancies too and stated that the FSSP

overestimated liquid water content for large cloud droplets
due to the inertial concentration effect. Burnet and Brenguier
(1999) validated the droplet spectra and the liquid water con-
tent using five instruments including the FSSP, the fast FSSP
and the cloud droplet probe (CDP). Burnet and Brenguier
(2002) only investigated the FSSP further in detail to address
the instrumental uncertainties and their limitations. Coelho
et al. (2005a, b) made a detailed discussion for FSSP-100 in
low and high droplet concentration measurements with a pro-
posed correction for coincidence effects. Lance et al. (2010)
calibrated the CDP and presented a full description of the in-
strument performance in laboratory and in-flight conditions.
Baumgardner et al. (2011) summarized airborne systems for
in situ measurements of aerosol particles, clouds and radi-
ation that were currently in use on research aircraft around
the world including cloud spectrometer probes. Febvre et
al. (2012) highlighted the possible effects of ice crystals in
FSSP measurements. Spiegel et al. (2012) made a thoroughly
analysis of wind velocity and wind angle impacts at the
Junfraujoch comparing the fog droplet spectrometer (FM-
100) to others instruments. FM-100 showed several artifacts
at temperatures below zero. One more evaluation regarding
cloud ground-based measurements which took the wind di-
rection into consideration was made by Guyot et al. (2015)
at the Puy-de-Dôme observatory between seven optical sen-
sors including an FSSP, a fast FSSP, a fog monitor and two
CDP probes. They placed one FSSP and the fog monitor on
the roof of the observatory and the two CDP probes and one
FSSP inside a wind tunnel. The authors showed that there
was good agreement in the sizing abilities of the instruments
but observed possible discrepancies in number concentra-
tion values, a fact that also affected the liquid water con-
tent values. Lloyd et al. (2015) observed cloud microphys-
ical structures by conducting cloud, aerosol and precipitation
spectrometer (CAPS), FSSP, CDP-100, and PVM measure-
ments. They mounted all the instruments on a rotator and
wing on the terrace rooftop outside the Sphinx Laboratory,
(Jungfraujoch, Switzerland). Several developments of the in
situ measurement systems were reviewed and summarized
by Baumgardner et al. (2017) with respect to their strengths,
weaknesses, limitations and uncertainties. The progress in
performing in situ cloud measurements was clearly observed
along with other developments. Lowenthal et al. (2019) con-
ducted wintertime mixed-phase orographic cloud measure-
ments at the Storm Peak Laboratory (Colorado, USA). They
deployed an FSSP-100 on a rotating wind vane (to orient it
into the wind).

In this work, we focused on the intercomparison of three
cloud spectrometer probe ground setups as they were used
during the Pallas Cloud Experiment (PaCE) 2013. Due to the
increased demand for long-term continuous ground-based in
situ cloud measurements, we tested and evaluated the oper-
ation of three ground setups owned by the Finnish Meteoro-
logical Institute (FMI) to perform continuous ground-based
measurements in harsh environments. The FMI research sta-
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tion (Sammaltunturi) located in northern Finland is regarded
as an ideal place to perform in situ low-level cloud measure-
ments, especially during autumn, when the station is usually
inside a cloud about 50 % of the time. There, along with the
FSSP-100 and the CDP, which are classic instruments for
in situ cloud measurements, we also used the CAPS probe
(part of this instrument is the cloud and aerosol spectrome-
ter (CAS) probe) with a purchased inhalation system. CAPS’
worldwide unique setup allows us to make semi-long-term
(in orders of months) observations when compared to short-
term (orders of hours) airborne measurement. The exact set
of measurement limitations for each cloud probe that are pre-
sented in this work will help us to conduct a detailed further
analysis of microphysical cloud properties and their interac-
tions with aerosol during all PaCE campaigns. The previ-
ous PaCE campaigns already resulted in a series of publi-
cations on experimental observations and modeling studies
(e.g., Komppula et al., 2005, 2006; Lihavainen et al., 2008,
2010; Kivekas et al., 2009; Anttila et al., 2009, 2012).

A description of the measurement site and the instrumen-
tation as it was installed can be found in Sect. 2.1 and 2.2.
Subsequently, in Sect. 2.3, the procedure we followed during
data analysis is presented. In Sect. 3, the intercomparison of
the instruments and how they were influenced by the mete-
orological parameters are presented. Finally, in Sect. 4, we
summarized our main results and conclusions in order to set
limitations and made recommendations for the data analy-
sis of the three instrument ground-based setups during future
studies in a sub-Arctic environment.

2 Methods

2.1 Measurement site description

Measurements were conducted during autumn 2013, in
the Finnish sub-Arctic region at Sammaltunturi station
(67◦58′ N, 24◦07′ E; 560 m a.s.l.), which is a part of the Pal-
las Atmosphere – Ecosystem Supersite hosted by the Finnish
Meteorological Institute. The station is also part of Global
Atmosphere Watch (GAW) program. Sammaltunturi station
is located on the top of a treeless hill. A full detailed descrip-
tion of the site can be found in Hatakka et al. (2003). Au-
tumn was chosen as the best period to run the campaign due
to the high chances that the station will be inside a cloud.
This allows us to conduct in situ cloud measurements. All
the meteorological parameters were continuously measured
by the Vaisala FD12P weather sensor. During our previous
PaCE, cloud microphysical properties and aerosol physic-
ochemical properties and their interactions were measured
and investigated (e.g., Lihavainen et al., 2008, 2015; Hyväri-
nen et al., 2011; Anttila et al., 2012; Collaud Cohen et al.,
2013; Jaatinen et al., 2014; Raatikainen et al., 2015; Gérard
et al., 2019). During PaCE 2013, our main motivation was to
focus on an intercomparison of in situ cloud properties mea-

sured with three different cloud probes, their evaluation and
mutual benchmarking regarding PaCE campaigns.

2.2 Cloud instrumentation

The atmospheric in situ measurement community has identi-
fied cloud droplet probes with surface installation as a po-
tential method for continuous cloud in situ measurements
(Wandinger et al., 2018). During PaCE 2013, to perform in
situ measurements of cloud droplets, we used three instru-
ments originally developed for airborne measurements, but
tailored to ground-based measurements by the manufacturer
(DMT, USA): the CAPS, the CDP and the forward-scattering
spectrometer probe (FSSP-100; hereafter called FSSP for
simplicity). All three of them were installed on the rooftop
of the measurement site as described below in detail and
share a similar measurement technique. A wind tunnel could
be regarded as the optimal choice to utilize these instru-
ments for ground-based setups (e.g., Elk Mountain, Baum-
gardner, 1983, and Puy de Dôme, Guyot et al., 2015). There
are measurement sites like ours in the sub-Arctic which do
not have this possibility for both practical and budgetary
reasons. However, it was shown that the same quality data
could be obtained from rooftop measurements (Guyot et al.,
2015). Ground-based measurements with cloud probes that
were originally designed to be used for aircraft have already
been conducted in several measuring sites without using a
wind tunnel (e.g., Jungfraujoch, Lloyd et al., 2015, and Storm
Peak, Lowenthal et al., 2019). The basic concept is that they
use the forward scattering of a laser beam for the detection
and sizing of individual particles. Then, using Mie theory
(Mie, 1908), they calculate the size of the particle from the
intensity of the scattered light.

Only data of the CAS probe were used for the CAPS. CAS
is one part of the CAPS (DMT) (0.51–930 µm), which is
an instrument that is widely used in airborne measurements
for investigating the microphysical properties of clouds (e.g.,
Baumgardner, 2001; Baumgardner et al., 2011). The CAPS
probe includes two more instruments; however they are not
comparable with the FSSP and the CDP probe: the cloud
imaging probe (CIP) and the hot-wire liquid water con-
tent (hot-wire LWC) sensor. CAS measures smaller particles
(0.51 to 50 µm) and relies on light scattering. Particles scat-
ter light from an incident laser at a wavelength of 680 nm
and a sample area of 0.24 mm2, and collecting optics guide
the light scattered in the 4 to 12◦ range into a forward-sizing
photodetector. The intensity of light is measured and used to
infer the particle size. Backscatter optics also measure light
intensity in the 168 to 176◦ range, which allows the deter-
mination of the real component of a particle’s refractive in-
dex for spherical particles. The droplets are then classified
into 30 size bins. CAS was operational from 15 October un-
til 28 November. It was installed and fixed on Sammaltunturi
station roof. It was pointing in the main wind direction of the
station (southwest, ∼ 225◦). For the instrument’s installation

https://doi.org/10.5194/amt-13-5129-2020 Atmos. Meas. Tech., 13, 5129–5147, 2020



5132 K.-M. Doulgeris et al.: In situ cloud ground-based measurements in the Finnish sub-Arctic

Figure 1. (a) The CAPS probe setup and (b) the FSSP-100 and the
CDP setups as they were installed on Sammaltunturi station during
PACE 2013.

we used the manufacturer pylon (height 0.3 m) (the same as
is used for CAPS airborne measurements). The whole system
was fixed on a horizontal metallic circle (D = 0.28 m). The
metallic circle was attached to a vertical metallic bar (height
0.3 m), part of a square metallic stand (0.7m× 0.7 m) (see
Fig. 1a). As a result CAPS had a total height of 0.6 m on the
roof where it was installed and a height of 4.5 m from the
ground. In our setup, CAPS had its own tailored inhalation
system: a high-flow pump (Baldor, Reliance, USA), which
worked continuously. The pump was connected with the
CAS probe with a 1.14 m long hose with an inner diameter of
0.07 m. The hose was connected to a triple branch (three parts
with i.d.= 0.12) through a 0.12 to 0.05 m reducer. The triple
branch connected the CAS probe through the hose with the
high-flow pump. The other parts of the branch connected the
pump with the CIP through two different hoses (L= 1.52 m;
i.d.= 0.12 m). In addition, a stepped CAS inlet (funnel shape
reducer i.d.= 0.12 to i.d.= 0.05 m) was attached over the
CAS inlet tube (for detailed description, please see Figs. S1
and S2 in the Supplement).The probe air speed (PAS) inside
CAS was checked daily with a digital thermo-anemometer
(model 471, Dwyer Inc.) to ensure that the flows inside the
instrument remained similar. This was done through a small
hole near the end of the CAS probe outlet and the beginning
of the 0.05 m hose and in a position such that the anemome-
ter inserted into the hole was just in the middle of the CAS
probe outlet (hose diameter). In cases when PAS changed,
data were corrected accordingly. During this campaign PAS
values ranged from 17 to 23 m s−1. The calibration of the
instrument was done at DMT and also at the Finnish Meteo-
rological Institute before and after the campaign using glass
beads and polystyrene latex sphere (PSL) standards.

The FSSP (1.2–47 µm, model SPP-100, DMT), initially
manufactured by Particle Measuring Systems (PMS Inc.,
Boulder CO, USA), is a widely used cloud probe for measur-
ing droplet size distribution (Brenquier, 1989). It shares the
measurement principle with the CAS probe and measures the
light scattered in the 4 to 12◦ range with a laser of wavelength
633 nm and a sample area of 0.414 mm2. Droplets were clas-
sified into 40 size bins. During PaCE, the FSSP was installed

and placed on a rotating platform, so that the inlet was al-
ways directed against the wind direction. The rotating plat-
form was a horizontal metallic base (0.7× 0.1× 0.4m) with
a metallic fin fixed at the back of it. This setup ensured that
the instrument would follow the wind direction continuously.
The rotating platform was placed on a similar squared metal-
lic stand we also used in the CAPS setup, but with a higher
metallic vertical bar (L= 0.6 m, i.d.= 4 cm). Thus, the in-
strument had a total height of 0.6 m on the roof where it
was installed and a height of 5.5 m from the ground. Dur-
ing FSSP installation on the rotating platform, we wanted to
prevent the full rotation of the probe, which could be dan-
gerous for the cable wiring and safety of the instrument. For
this reason, a vertical metallic bar (0.3 m, D.= 0.6 cm) and
two horizontal bars (L= 0.25 m, D = 0.6 cm) were installed
(northeast ∼ 60◦), and they served as a brake (Fig. 1b). A
custom inhalation system with a high-flow ventilator was
employed through the instruments’ inlet to ensure that the
air speed would remain constant (for detailed description,
please see Fig. S3 in the Supplement). In addition, the PAS
inside the FSSP tube was checked daily with the digital
thermo-anemometer (model 471, Dwyer Inc.). The PAS dur-
ing the campaign was ∼ 10 m s−1, which led to an air speed
of ∼ 36 m s−1 inside the inlet due to the necking inside the
inlet’s mouth from i.d.= 3.8 cm to i.d.= 2.0 cm. This value
was used for further data processing. FSSP was installed and
operational from 14 September until 28 November 2013. The
instrument was calibrated at DMT, USA, before the cam-
paign and on site after the end of the campaign.

The third instrument that we used was the CDP (3–50 µm,
Droplet Measurement Technologies) (Lance et al., 2010).
Similar to the previous instruments it uses the same princi-
ple and measures the light scattered in the 4 to 12◦ range.
The laser beam had a wavelength of 658 nm and a sample
area of 0.3 mm2. The CDP classified droplets into 30 size
bins. It was placed next to the FSSP also on a rotating plat-
form to be continuously directed against the wind direction
(Fig. 1b). The metallic platform covering the instrumental
electronics consists of a fixed part (0.4× 0.4× 0.3m) at the
bottom and on top of that the rotating part (0.4×0.4×0.1m)
with the probe itself on top. The rotating part is equipped
with a large fin to keep the inlet towards the wind (for de-
tailed description, please see Fig. S4). The instrument had
a custom inlet with an external pump to ensure a constant
PAS (14 ms−1). The CDP was installed and was operational
from 25 September 2013 until 28 November 2013. It was cal-
ibrated at the Finnish Meteorological Institute, Kuopio unit,
before the campaign and after the campaign on site using
glass beads and PSL standards.

All three instruments used anti-ice heaters as they were de-
ployed by the manufacturer. The external parts of the setup
(rotating platforms and inhalation systems) did not use an ad-
ditional heating system. The instruments were installed in a
horizontal position and placed close to each other on Sam-
maltunturi roof. The CDP and FSSP were installed next to
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Table 1. Instruments, wavelengths (nm), sampling area (mm), number of bins, probe air speed (ms−1), size range (µm), time resolution (s),
and operation starting and ending date are presented.

Instrument Laser Sampling Number Probe air Size Time Operation Operation
wavelength area of speed range resolution start date end date

(nm) (mm2) bins (m s−1) (µm) (s)

CAPS 680 0.24 30 17–23 0.61–50 1 15 Oct 28 Nov
FSSP 633 0.414 40 10 1.2–47 1 14 Sep 28 Nov
CDP 658 0.3 30 14 3–50 1 25 Sep 28 Nov

Figure 2. An example case of the CDP probe where its rotational
platform and inlet are frozen. The size distribution of the CDP probe
on 3 Nov 2013 is depicted. The instrument was out of order from
00:00 to about 11:30 LT (all times in this paper are given as local
time), and a CDP cleaning procedure was needed to start operation
again.

each other (approx. 0.5 m) and they had a horizontal dis-
tance of ∼ 10 m and a vertical distance of ∼ 1 m to the CAS
probe. All the probes’ parameters are presented in Table 1.
During the campaign a routine was consistently followed.
The cloud probes functionality was checked visually daily.
Ice and snow accumulation could fully or partially block the
probes’ inlets and affect the flows. In addition, ice and snow
could also accumulate in parts of the roof and affect the probe
measurements. For this reason, all three cloud probes needed
periodical cleaning. When the station was inside a cloud and
sub-zero temperatures were observed, the cleaning procedure
of the probes during the day was repeated twice or more
times per day (if needed).

2.3 Data handling and processing

The presence of a cloud was estimated by the cloud droplet
counts measured with all the cloud probes and by the visi-
bility and relative humidity measurements at the site. As a
cloud event we defined the situation when there were droplet
counts (considering a cleaned data set) measured by the
cloud probes for more than 30 continuous minutes, the hori-
zontal visibility was less than 1000 m and the relative humid-
ity was ∼ 100 %.

From each cloud probe we obtained the cloud droplet size
distribution. For the intercomparison of the probes we had to

eliminate some size bins of the CAS and the FSSP probe in
order to use a similar size range in each case. The CAS probe,
using the PADS software (Droplet Measurement Technolo-
gies Manual, 2011), derives the number concentration (Nc),
the LWC, the median volume diameter (MVD) and the effec-
tive diameter (ED). The same parameters were derived us-
ing the following equations, since we have used old software
PACS 2.2 (Droplet Measurement Technologies) for data ac-
quisition of the FSSP-100 and the CDP probe.
Nc (cm−3) was calculated from the division of the to-

tal number of sized particles N by the sample volume Vs
(cm−3):

Nc =
N

V s
, (1)

where VS was defined as

VS = PAS× t ×A, (2)

where PAS is the probe air speed (m s−1), t is the time of
the sampling interval and A is sample area (mm2) defined as
the height of the laser beam (mm) multiplied by the length of
the laser beam within the depth of field (DOF, mm). On an
instrument that records probe time, such as CAS and FSSP,
the sampling interval is calculated by subtracting the previ-
ous instance’s probe time from that of the current instance.
On the CDP the sampling interval is assumed to be the des-
ignated sample rate. All three probes were set up to sample
at 1 s (1 Hz).

LWC (g m−3) is the mass of liquid water per unit volume
of air, and it was calculated using the following equation:

LWC=
n∑
i

LWCi, (3)

where

LWCi = ci10−12π

6
m3
i . (4)

mi is the midpoint of its bin and calculated as

mi =
bi + bi+1

2
, (5)

and ci is the droplet concentrations per bin (m−3).
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Figure 3. Time series of 1 min averages on 3 Nov 2013; (a) Nc of each cloud probe along with (b) temperature, wind speed and wind
direction are presented. This is a typical example of the cloud probes accumulating ice. From 12:00 we can see a drop in Nc of the CAS. The
sudden increase just before was a clear sign of probe inlet freezing. The same behavior could be also seen for the CDP after 16:00. When ice
was accumulated, the opening of the probe inlet became smaller, which resulted in a raised PAS. While deriving Nc to evaluate our data set,
we considered the PAS to be constant. The underestimation of the PAS explains the abnormality in Nc.

The factor π
6m

3
i in the equation indicated that we assume

that the particle is a sphere. Another assumption that was
made is that water has a density of 1 g cm−3.

MVD (µm) indicates the droplet diameter, which divides
the total water volume in the droplet spectrum such that half
the water volume is in smaller drops and half is in larger
drops; and it is derived by a linear interpolation with respect
to the (i+ 1) bin as

MVD= bi∗ + (
.5− cumi∗−1

proi∗
)(bi∗+1− bi∗), (6)

where proi∗ =
LWC
LWCi

is the proportion of the spectrum LWC
that falls in the ith bin and cumi∗ = pro1+ . . .+ proi∗ is the
cumulative proportion of the spectrum LWC that falls in the
first i bins and i∗ is the smallest value of i such that cumi∗ >

0.5.
This interpolation gives an accurate estimation in compar-

ison with the half point of bi∗ and bi+1. The second com-
ponent of the equation scales the amount summed to bi∗ ac-
cording to how close bi∗ and bi+1 each were to 0.5.

ED (µm) is the ratio of LWC to the optical cross-sectional
area of droplets of a sample droplet spectrum calculated by
the following equation:

ED=

n∑
i=1
pir

3
i

n∑
i=1
pir

2
i

2, (7)

where n is the number of sizing bins, pi the particle counts
for bin i and ri the mean radius in micrometers of bin i.

All our instruments were calibrated in the laboratory
and/or on site. The calibration of all three instruments was
done for size measurements but not for Nc measurements.
Also, we should take into account the fact that the instru-
ments faced extreme conditions during the whole campaign,

in terms of frequent changes in wind direction and speed
and sub-zero temperatures. These meteorological conditions
could possibly lead to unexpected performance.

The sizing accuracy for cloud spectrometers has been es-
timated as 20 % and the concentration accuracy as 16 %
(Baumgardner, 1983; Dye and Baumgardner, 1984; Baum-
gardner et al., 2017). The major factors that are usually
considered for possible biases in data analysis are coinci-
dence, dead-time losses and changing velocity acceptance
ratio (VAR). Coincidence events occur when more than one
droplet is registered by an instrument at the same time, result-
ing in multiple droplets artificially measured as one droplet.
A changing VAR is a result of the fact that only part of
a laser beam is used to calculate the sampling volume be-
cause drops passing the laser beam near the edges are un-
dersized. Lance (2012) showed that at ambient droplet con-
centrations of 500 cm−3, at least 27 % undercounting and a
20 %–30 % oversizing bias were observed for CAS. How-
ever, during PaCE 2013 droplet number concentrations we
observed to reach a maximum of 200 cm−3, and in the ma-
jority of cases they were less than 100 cm−3. Due to these
low number concentration values we do not take coincidence,
dead-time losses and VAR uncertainties into consideration in
this analysis. LWC as it was derived from the CAS probe
has a significant uncertainty of 40 % according to the Droplet
Measurement Technologies Manual (2011). FSSP uncertain-
ties, limitations and corrections have been reported in the lit-
erature several times (Dye and Baumgardner, 1984; Baum-
gardner et al., 1985; Baumgardner and Spowart, 1990). Feb-
vre et al. (2012) found out that the uncertainty of the FSSP
in derived ED and derived LWC is 3 µm and 30 % regarding
mixed-phase clouds. For the CDP probe, Lance et al. (2012)
reported the importance of the coincidence errors even if the
number concentrations are as low as 200 cm−3, resulting in a
25 % undercounting error and a 30 % oversizing error due to
coincidence.
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Figure 4. Time series for the 12 November case from 15:00 to 18:00. The main parameters as they were derived/measured from all three
cloud probes: (a)Nc; (b) LWC; (c) ED; (d) MVD; (e) temperature, wind speed, wind direction; and (f) size distribution. All three instruments
were pointing in the same direction. This resulted in high agreement in Nc for all three probes. In addition, we also noticed good agreement
in LWC. The main reason for slight differences in ED and MVD was the different sizing ability of the probes.

During the campaign, measurements were performed with
a 1 Hz acquisition frequency for all three probes. During the
data analysis, averages per minute from each cloud probe
were calculated when the station was inside a cloud. As we
previously highlighted, there were cases when the flows of
the cloud probes were blocked. This situation was also vis-
ible in raw data. Such cases were cleaned out from all data
sets for the final analysis. A typical example case of probe
freezing was observed on 3 November 2013. The CDP was
completely clogged with ice; see Fig. 2, where its size distri-
bution is presented. However, in order to find probe freezing
cases a closer look in Nc was carefully undertaken for the
whole data set. As an example, Fig. 3 depicts the Nc of each
cloud probe on the same day along with the meteorological
parameters. There, the sudden decrease in droplet number
concentration of the CAS probe from 12:00 onwards and a
sudden increase in Nc just before was a clear sign of probe
inlet freezing. This behavior in Nc was observed because the
opening of the probe inlet becoming smaller (from the accu-
mulation of ice), which resulted in a raised PAS. During data
evaluation we considered the PAS to be constant. This led
to an underestimation of the PAS, which explains this abnor-
mality in the Nc. The same behavior could be also seen for
the CDP after 16:00.

3 Results

3.1 Overview of results for PACE 2013

During PaCE 2013, FSSP, CAS and CDP were installed for a
total of 1824, 1080 and 1560 h, respectively; see Table 1 for
installation dates. During the campaign, the station was in-
side a cloud for about 664 h (36.5 %). During this period, the
temperature ranged from −12.0 to 10.2 ◦C with an averaged
temperature −1.9 ◦C (SD 5.1 ◦C), and the wind speed aver-
age was 6.8 (SD 2.9) m s−1. The dominant wind direction
was ∼ 220◦, but there were winds and clouds from all direc-
tions. Regarding data coverage, the FSSP and the CAS probe
showed good performance, with∼ 500 h (75 %) and∼ 220 h
(67 %) cleaned data coverage, respectively. The CDP probe
performed significantly worse, with ∼ 108 h (17 %) cleaned
data coverage. The worse CDP performance was due to its
frozen inlet and/or its rotation system during the night; it en-
countered frequent operation problems especially at sub-zero
temperatures.

3.2 Example cases with all three probes in operation

Firstly, we present example cases when all three probes were
operating. These cases correspond to different wind direc-
tions. This choice was made since we used two different ap-
proaches; two probes were installed on a rotating platform
(FSSP, CDP) and one probe was installed in a fixed direction
(CAS). We provide the time series of the derived Nc, LWC,
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Figure 5. Time series on 29 October from 12:15 to 15:00. The main parameters as they were derived/measured from all three cloud probes:
(a) Nc; (b) LWC; (c) ED; (d) MVD; (e) temperature, wind speed, wind direction; and (f) size distribution. The wind direction was perpen-
dicular to the CAS probe. This resulted in CAS significantly underestimating Nc and LWC. The main reason for slight differences in ED and
MVD was the different sizing ability of the probes.

Figure 6. Time series on 25 October from 12:00 to 15:00. The main parameters as they were derived/measured from all three cloud probes:
(a) Nc; (b) LWC; (c) ED; (d) MVD; (e) temperature, wind speed, wind direction; and (f) size distribution. During this case the probes were
not facing in the same direction. Agreement in Nc between CAS and CDP indicates that the CDP rotation system was frozen and CAS
was not facing the wind. Large discrepancies were observed in LWC and slight discrepancies in ED and MVD. The main reason for these
discrepancies was the different sizing ability of the probes.
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Figure 7. Number concentration ratio (Nc ratio), number of obser-
vations (n), and Nc of the CAS probe and the FSSP for each part of
the 360◦ wind rose as it was divided for detailed investigation. The
gray rectangle corresponds to wind iso-axial measurements.

ED, MVD and the size distributions as they were measured
by all three probes along with selected meteorological pa-
rameters (temperature, wind speed and wind direction). For
each case, the same size range for each probe was adopted.
For this reason, we eliminated 12 bins (ranging from 0.51 to
3 µm) of the CAS probe and two bins (from 1.2 to 3.5 µm)
of the FSSP-100. The final size ranges for probe compari-
son were then as follows: CAS – 3 to 50 µm; FSSP – 3.5 to
47 µm; CDP – 3 to 50 µm.

The abovementioned parameters are presented on
12 November from 15:00 to 18:00; see Fig. 4. The wind
speed during this period varied from 6 to 13.5 m s−1, and
temperature varied from −6.1 to −5.1 ◦C. The average wind
direction was 226.5 (SD 6.1)◦, which means that all three
instruments were pointing in the same direction (Fig. 6e). As
we noticed in Fig. 4a, this resulted in good agreement among
all three probes in deriving Nc. The CDP operated without
flaws in both its rotation and inhalation system due to the
cleaning procedure of the instrument done just before this
measuring period. In this case, the LWC values were in best
possible agreement; see Fig. 4b. Derived sizing parameters
ED and MVD are presented in Fig. 4c and d, and both of
them had good agreement.

The next example case took place on 29 October, from
12:15 to 15:00; see Fig. 5. The wind speed during this pe-
riod varied from 2.9 to 8.9 m s−1, and temperature varied
from −5.4 to 2.9 ◦ C. Average wind direction was 141.2 (SD
18.4)◦, which indicates that the wind direction was perpen-
dicular to the CAS probe (Fig. 5e). Here, the CAS probe sig-
nificantly undercounted Nc (∼ factor 5) compared to FSSP
and CDP (Fig. 5a). The CDP was also operating with no mal-
functions in its rotation and inhalation system. LWC as it was
derived by the CAS probe was highly affected by a factor of
about 7 due to its losses in Nc (Fig. 5b). Furthermore, as we
can see in Fig. 5c and d, CAS ability to derive ED and MVD

was not affected by Nc. Especially, when we are comparing
ED and MVD between CAS and FSSP, their difference is less
than 20 %. However, it was also interesting that even though
CDP and the FSSP had a good agreement in droplet counts,
they present some differences in the other derived parame-
ters. Investigating in detail their size distribution, we found
that this was a result of different estimation in sizing. This
can be clearly seen in Fig. 5f. In this case there was a shift in
CDP sizing when compared with FSSP towards smaller sizes
about 5 µm in size range from 15 to 20 µm.

The last example day we present took place on 25 October,
from 12:00 to 15:00; see Fig. 6. The wind speed varied during
this period from 4.4 to 9.9 m s−1 and temperature from −5.8
to −5.3 ◦ C. The average wind direction was 85.6 (SD 4.8)◦,
which means that the probes were not facing in the same di-
rection (Fig. 6e). This explains why theNc of CAS was lower
than the Nc of FSSP by a factor of 2. The CDP measured the
same Nc of cloud droplets as CAS, something that was not
really expected (Fig. 6a). This is a typical example case we
faced, which indicates why the CDP counts were not trusted
during sub-zero temperatures. Even if the CDP was not obvi-
ously clogged, when observed from the raw data, its rotation
system was frozen, so it could not follow the wind direction
and we were not able to determine where exactly the CDP
was pointing. Also, here, we can see that during the period
the instruments were not facing in the same wind direction,
we observed large discrepancies in derived LWC (Fig. 6b).
In Fig. 6c and d we can also see slight discrepancies in the
derived sizing parameters ED and MVD. We noticed a slight
shift in FSSP sizing towards bigger sizes compared to CAS,
about 2.5 µm in size range from 7 to 10 µm, and a slight shift
in CDP sizing towards smaller sizes, about 2 µm in size range
from 5 to 7 µm, as depicted in Fig. 6f; this clearly explains
these differences.

3.3 CAS and FSSP counting performance based on the
wind direction

After investigating different example cases, we focused on
how the change in the wind direction influenced the droplet
counting ability of the instruments in different sectors of the
wind rose. In this section, we concentrated only on the inter-
comparison of the CAS probe (installed in a fixed direction)
with the FSSP (was following the wind direction). The deci-
sion to first compare only CAS and FSSP setups was made
because their parallel data coverage was the best (∼ 243 h of
common cleaned data set). CDP was not used in this section
due to only few common data with the CAS. The reason for
this was that from the date that the CAS was installed the
CDP had operation problems. A detailed analysis regarding
the CDP and its behavior is presented later in Sect. 3.5. To
obtain as close as possible a size range for both instruments
we removed the first 10 bins of the CAS and the first bin
of the FSSP. As a result, we used the following size ranges:
CAS – from 1.25 to 50 µm; FSSP – from 1.2 to 47 µm.
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Figure 8. Comparison of number concentration (Nc) as it was derived from the CAS and the FSSP is presented for two sectors of the wind
rose while the station was inside a cloud: (a) 200 to 214◦; (b) 215 to 235◦. Color code represents the wind direction. In (c) and (d) the size
distribution as it was measured from the CAS probe and the FSSP for the same two wind sectors is presented.

To estimate the possible losses of the cloud droplet counts
from each cloud probe we used Nc as a benchmark parame-
ter. Possible CAS sampling losses were investigated by cal-
culating the aspiration efficiency as described in Spiegel et
al. (2012). Our expected losses were ∼ 5 % for 20 µm, ∼
20 % for 40 µm and 40 % for 50 µm cloud droplets. Averaged
total Nc values of the cleaned data set as they were derived
from the CAS probe and the FSSP were 39.8 (SD 35.3) cm−3

and 44.1(SD 26.9) cm−3, respectively. We divided the wind
rose into 12 parts. This choice was made according to spe-
cific factors. First of all, we took into consideration the cru-
cial point orientation of the CAS inlet when compared to ac-
tual wind direction since the CAS probe was fixed and in-
stalled (southwest of the station, ∼ 225◦). This point helped
us to define the areas where the two instruments were per-
forming in wind iso-axial conditions. Secondly, we tried to
ensure that we would have enough amount of data in each
part to increase the reliability of our results. Accordingly, the
360◦ wind rose was divided into the following sectors: 0 to
74, 75 to 94, 95 to 114, 115 to 154, 155 to 184, 185 to 199,
200 to 214, 215 to 235, 236 to 250, 251 to 265, 266 to 295
and 296 to 360◦. Figure 7 shows the ratio of Nc of the CAS
to the FSSP probes along with the percentage of observations
in each of these sectors of the wind rose and the averaged Nc
values from both instruments. There, we can see that each of
the instruments had a different counting performance in each
sector. The best counting performance (the ratio is close to 1)
was found in two sectors (from 200 to 214◦ and 215 to 235◦),
where both probes were facing in a similar direction. On the

other hand, when the wind direction was perpendicular (115
to 154◦) to the CAS fixed direction, the ratio was found to
be lower than 0.4. There the CAS probe undercounted a sig-
nificant amount of cloud droplets (∼ 60 %). However, there
were also cases where FSSP measured smaller Nc compared
to the CAS probe (sectors from 236 to 250◦ and from 251 to
265◦). During these cases, FSSP was not actually freely mov-
ing because of the brake setup. Depending on the wind turns,
FSSP could be left in the wrong orientation for an unknown
amount of time. Inside these two sectors the CAS probe mea-
sured relatively high Nc (∼ 120 cm−3) in comparison with
the other parts of the wind rose (∼ 50 cm−3).

All wind sectors were further investigated to explain the
biases in the performance of the two instruments. Firstly, a
closer look (see Fig. 8) is presented for two sectors (200–
214, 215–235◦) where the agreement was found to be the
best according to the Nc ratio. For this reason, the wind rose
sector from 200 to 235◦ was adopted as wind iso-axial condi-
tions for the rest of this work. Results indicate that the agree-
ment in both cases was good (R2

= 0.78 and 0.62 with slope
0.65 and 0.50, respectively; Fig. 8a and b), and the maxi-
mum difference observed was ∼ 30 %. When Nc as derived
from CAS was more than 80 cm−3, FSSPNc was about 25 %
lower. Temperature and wind speed in the range of −11 to
−1.4 ◦ C and 1.6 to 13.8 m s−1 were also tested for possi-
ble biases in wind iso-axial conditions, and we found that
they did not affected the ability of the probes to derive Nc.
A more detailed look at how the two cloud probes mea-
sured in wind iso-axial conditions when the station was in-
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Figure 9. Intercomparison of number concentration (Nc) between
the CAS and the FSSP based on the wind direction. The CAS was
set and installed in a fixed direction (southwest, ∼ 225◦); the FSSP
was installed on a rotating platform and followed the wind direction.
The wind rose was separated into four representative wind direction
conditions; wind iso-axial conditions (from 200 to 235◦), perpen-
dicular conditions (from 115 to 154 and 296 to 360◦), conditions
between iso-axial and perpendicular (from 76 to 114, from 155 to
199 and from 236 to 295◦) and the special case where the brake
influenced the performance of FSSP (from 1 to 74◦).

side a cloud is presented in Fig. 8c and d, where the aver-
aged number size distribution of the cloud droplets is shown.
The CAS probe measured more counts in sizes smaller than
7 µm (∼ 3 counts cm−3 more than the FSSP at 1.4 µm and
∼ 15 drops cm−3 more at 5 µm; in both cases, the difference
in counts was less than 30 %). Also, we can see that the FSSP
measured no droplets for sizes larger than 35 µm. Within the
size range, meaning from 7 to 20 µm (an area which usually
represented the peak of the size distribution), the FSSP usu-
ally measured higherNc. This difference could be up to 25 %
(∼ 150 more counts cm−3). We have also noticed a slight
shift in FSSP sizing towards bigger sizes: about 1.5 µm in the
size range from 7 to 10 µm. These differences in the counting
efficiency of the two instruments explain the slight discrep-
ancies we observed in Nc even when they were measuring in
wind iso-axial conditions. In a similar way, all the remaining
sectors of the wind rose were investigated in detail to reveal
more biases (for detailed description, please see discussion
and Figs. S5, S6).

From the intercomparison of the two instruments in each
sector of the wind rose, a general benchmarking was created,
and it is presented in Fig. 9. According to our results we
merged some of the wind sectors that we had initially created.
As a result, we now have four sectors representing the wind
rose; wind iso-axial conditions (from 200 to 235◦), perpen-

dicular conditions (from 115 to 154 and 296 to 360◦), con-
ditions between iso-axial and perpendicular (from 76 to 114,
from 155 to 199 and from 236 to 295◦) and the special case
where the brake influenced the performance of FSSP (from
1 to 74◦). To summarize our results, we should highlight
that the best agreement between the two cloud spectrometers
was obtained in wind iso-axial conditions (from 200 to 235◦,
R2
= 0.60), and it covered a cleaned data set of ∼ 66 obser-

vation hours. The effect of wind direction on the CAS probe’s
ability to measure Nc was immediately noticed when the
wind direction was out of the range of the wind iso-axial con-
ditions. The agreement became slightly worst when the spec-
trometers were facing conditions in which the wind direction
was between iso-axial and perpendicular (0.46≤ R2

≤ 0.50
for 76 to 114, 155 to 199 and 236 to 295◦, respectively;
∼ 50 % of total cleaned data set). The CAS probe performed
the worst when the wind direction was perpendicular to the
CAS installed direction (R2

= 0.32 and 0.11 for 115 to 154
and 296 to 360◦, respectively) and represents ∼ 40 observa-
tion hours. Guyot et al. (2015) performed a similar exper-
iment to investigate the sensitivity of the FSSP to meteo-
rological parameters. Even though we conducted the mea-
surements at different temperatures (in Puy-de-Dôme they
sampled clouds only above zero), we found that our results
were related. The main reason that caused the discrepancies
(mainly in derivingNc and LWC) to the fixed-direction cloud
spectrometer ground setups (Pallas – CAPS; Puy-de-Dôme –
FSSP) was the wind direction. The strong sensitivity to the
wind direction suggested that the cloud spectrometers were
sampling anisokinetically in both cases.

3.4 Intercomparison of CAS and FSSP – derived
parameters LWC, ED and MVD

In this section, we focus on investigating the derived parame-
ters LWC, ED and MVD. First, a comparison of the LWC for
the two probes CAS and FSSP is presented. We only present
measurements that were performed in wind iso-axial con-
ditions, since the LWC was very sensitive to both changes
in droplet Nc and changes in the shape of the number size
distribution. The discrepancies we observed in droplet Nc in
sectors outside the wind iso-axial conditions caused a sig-
nificant difference in total LWC at least by a factor of 5 or
even more. We also noticed differences by a factor of 15 es-
pecially when the wind direction was perpendicular to the
CAS fixed direction. Figure 10a shows that the agreement in
LWC (R2

= 0.34 and slope 0.53) between CAS and FSSP
in iso-axial conditions was found to be worse than agree-
ment between both probes inNc. After investigating how dif-
ferent meteorological parameters contribute to apparent bi-
ases in more detail, we found that temperature was the main
and only factor that affected the instruments’ ability to de-
rive LWC. Accordingly, we divided our measurements into
two temperature data sets: measurements with a temperature
range from −11.1 to −4 and from −3.9 to −1.4 ◦C. Fig-

https://doi.org/10.5194/amt-13-5129-2020 Atmos. Meas. Tech., 13, 5129–5147, 2020



5140 K.-M. Doulgeris et al.: In situ cloud ground-based measurements in the Finnish sub-Arctic

Figure 10. (a) Comparison of LWC as it was derived from the CAS and FSSP for wind iso-axial conditions, color code represents full
temperature range from −11.1 to −1.4 ◦C. (b) Comparison of LWC as it was derived from the CAS and FSSP is presented for the same
conditions but only for the temperature range from −11.1 to −4 ◦C.

Figure 11. Comparison of ED (a , b, c) and MVD (d, e, f) as it was derived from the CAS and FSSP is presented for all wind directions.
Color code represents wind direction (a and d), temperature (b and e), and wind speed (c and f).

ure 10b presents the agreement for the first set of measure-
ments: temperatures below −4 ◦C. Excluding the warmer
temperature range, we obtained better agreement between
the probes (R2

= 0.78 and slope 0.82). On other hand, the
second set of temperatures (from−3.9 to−1.4 ◦C) indicated
that the two probes significantly disagreed (R2

= 0.02 and
slope 0.07). As we already explained in Sect. 3.3, there was a
slight shift in FSSP sizing towards bigger sizes, about 1.5 µm
in size range from 7 to 10 µm. However, when the correction
to FSSP sizing was applied, the resulting change in LWC was
found to be marginal (about 0.7 %).

Our main conclusion regarding the derived LWC was that
the main factor affecting LWC, values was the actual differ-

ence in the counts in each bin, especially when referring to
larger droplets. Taking into account these limitations and bi-
ases in deriving LWC, our final proposal is to use only LWC
values from wind iso-axial conditions. In addition, the crit-
ical parameter should be the temperature of the cloud. This
suggests that only derived LWC values for temperatures be-
low −4 ◦ C will be regarded as acceptable and will be used
for further analysis of this data set. However, even when we
consider the best agreement, the maximum difference in ob-
tained LWC between CAS and FSSP could still be about
40 %. In addition, we suggest the deployment of another
LWC sensor, e.g., the particle volume monitor (PVM-100;
Gerber, 1999), during future campaigns in order to obtain
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Figure 12. Intercomparison of (a)Nc, (b) ED and (c) MVD as it was derived from the CDP and the FSSP is presented for all wind directions.
Color code represents the wind speed.

another reference LWC value for intercomparison in a wide
temperature range. In addition, we are continuously pursuing
the development of a new generation of counters designed for
ground-based in situ cloud measurements. Thus, it is a matter
of future deployment during upcoming PaCE campaigns.

The final step to complete the intercomparison between
the CAS probe and the FSSP was to investigate their abil-
ity to derive two sizing parameters: the ED and the MVD.
Both of them are significant to identify and evaluate the siz-
ing performance of the cloud spectrometers (e.g., Stephens,
1978; Slingo and Schencker, 1982; Korolev, 1999; Mitchell
et al., 2011). The cleaned data set obtained from the whole
wind spectrum plotted in a different color scale for wind di-
rections, temperature and wind speed is presented in Fig. 11a,
b and c for ED and in Fig. 11 d, e and f for MVD. The ob-
servations when the FSSP did not operate properly due to the
installation of the brake were excluded from the intercompar-
ison. The agreement for both sizing parameters was found to
be good (R2

= 0.80, slope 0.79 and R2
= 0.78, slope 0.75,

respectively). The best agreement was observed when the
wind direction (see Fig. 13a, d) was inside the range of iso-
axial conditions where all the points were focused along the
1 : 1 line. When the direction was perpendicular the points
were spread wider (maximum observed difference between
the two probes was about 20 %). Surprisingly, despite the
fact that CAS was measuring lower Nc even by a factor of
10 when the wind direction was perpendicular to the CAS
fixed direction, the derived ED and MVD were not signifi-
cantly influenced. Both sizing parameters were derived from
the measured size distribution as described in Sect. 2.3. We
found that even if a significant number of cloud droplets was
lost due to inertia, the shape and the position of the peak
of the size distribution measured by CAS remained similar.
This behavior was found to be the same through the whole
available cleaned data set (∼ 183 h) with the maximum ED
and MVD of 35 and 30 µm. It has to be pointed out that this
behavior might be exclusive for sub-Arctic conditions with
generally small cloud droplets. This fact allows us to use the
majority of the data set when investigating these two derived
sizing parameters. As a result, it creates a significant and us-

able data set without the need to disqualify data according to
a particular wind direction. Thus we obtain statistically sig-
nificant size properties of the cloud droplets in a wide range
of meteorological conditions. We also investigated the prob-
ability that wind speed will affect the sizing parameters (see
Fig. 11c, f). When the probes were facing high wind speed,
ED and MVD were slightly influenced (FSSP derived big-
ger values of ED and MVD when compared to CAS). On
the other hand, while they were facing low wind speeds, siz-
ing was again influenced in the opposite way (FSSP derived
smaller values when compared to CAS). This could happen
due to the isokinetic motion of the particles. The larger par-
ticles could not enter the FSSP because the inner diameter
necking on the inlet was changing from 3.8 to 2.0 cm. Fi-
nally, Fig. 11b and d indicate that at lower temperatures we
observed smaller ED and MVD values.

According to previous analysis, our main conclusion was
that even if there were slight biases and uncertainties, the
agreement in intercomparison was considered good as both
R2 and slope were higher than 0.75. As a result, we propose
that when deriving the sizing parameters, ED and MVD, all
measurements can be used for further research after carefully
excluding the FSSP data set that was obtained from the wind
rose sector where the brake influenced its performance.

3.5 Evaluation of the CDP during PaCE 2013

After comparing and analyzing discrepancies and biases be-
tween the CAS and the FSSP cloud probes, we discuss the
performance of the CDP cloud probe separately. To evalu-
ate CDP performance we used only FSSP data. We should
remember that during the period that both the CDP and the
CAS probe were on site (from 15 October to 27 November),
the CDP encountered several malfunctions and operational
problems during icy conditions. As a result, there was a lack
of common data between the CDP and the CAS probe.

We used CDP and FSSP data from 25 September to 14 Oc-
tober (∼ 70 h of cleaned data set) since it was the only period
that the CDP faced fewer operational problems since average
ambient temperatures were mostly above 0 ◦C. During this
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Table 2. The table presents the final recommendations for data analysis regarding the cloud spectrometers ground-based setups for future
campaigns in sub-Arctic conditions with frequently occurring supercooled clouds.

Nc ED, MVD LWC Comments

CAS Only data from wind iso-
axial conditions (±20◦

from its fixed direction)
should be used.

All measurements can be
used for further analysis, in-
dependent of wind direction
in the size range of ED and
MVD of 5–35 µm.

Only data from wind
iso-axial conditions and
temperatures below −4 ◦C
should be used.

Good data coverage (67 %);
operating properly both in
non-icy and icy conditions;
needs daily cleaning.

FSSP Data from all wind sec-
tors will be used except
data from the wind sector
where the brake was in-
stalled (±40◦ brake direc-
tion).

All data can be used for
further analysis except
data from the wind sector
where the brake was in-
stalled (±40◦ from brake
direction).

Only data from wind
iso-axial conditions and
temperatures below – 4 ◦C
should be used.

The best data coverage
(75 %); operating properly
both in non-icy and icy con-
ditions; needs daily clean-
ing

CDP Usable in warm clouds.
Limitation in temperature;
operational problems at
sub-zero temperatures.

All data obtained in non-icy
conditions can be used for
further analysis.

Not usable due to tempera-
ture range.

Low data coverage (17 %);
operating properly in non-
icy conditions; not recom-
mended for sub-zero tem-
peratures.

intercomparison, a set of data from the FSSP was removed
(0 to 74◦, where the FSSP had significant malfunctions due
to the installation of the brake). For this time period, average
temperature at the station was 1.7 (SD 1.6) ◦C and the aver-
aged wind speed was 6.9 (SD 3.6) m s−1. In order to compare
similar size ranges for both cloud probes, the first two bins
from the FSSP were removed. This means that the following
results depict the size range from 3.5 to 47 µm for the FSSP
and from 3 to 50 µm for the CDP probe.

As was already mentioned at the beginning of Sect. 3.2
these two instruments belong to the sub-category of the
probes that were installed on a rotating platform during PaCE
2013. Figure 12a shows, as was expected, that the ability of
the two instruments to deriveNc was good (R2

= 0.84, slope
1.11). However, there were cases where the difference be-
tween them was about 30 %. Additionally, we investigated
the derived sizing parameters ED and MVD; see Fig. 12b
and c. In a range of temperatures (from −3.9 to 3.8 ◦C) and
wind speeds (0.9 to 19 ms−1) agreement corresponding to
the sizing parameters was good (R2

= 0.82 and 0.79 with
slopes 1.23 and 1.25 for ED and MVD, respectively). How-
ever, when FSSP derived ED and MVD for sizes larger than
22.5 µm, we could see a difference that could even be 15 µm
smaller in comparison with CDP. This difference was noticed
especially when the wind speeds were low. FSSP had simi-
lar behavior (Sect. 3.4) when we were comparing CAS and
FSSP due to the isokinetic motion of the particles.

A significant limitation in derived LWC regarding temper-
ature has already been discussed above during the compari-
son of CAS and FSSP. In this case, the temperature ranged
from −3.9 to 3.8 ◦C. This range that was above −4 ◦C (the
temperature point that was set in Sect. 3.4). As a result, the

comparison of CDP- with FSSP-derived LWC did not lead to
reasonable correlation, and no LWC data are presented here.

In summary, the CDP was operating well in warm liq-
uid clouds and had good agreement in cloud droplet counts
and the sizing derived parameters with FSSP. On the other
hand, while we faced sub-zero conditions, the CDP opera-
tion was regarded as problematic. Its probe inlet often be-
came clogged because of supercooled cloud drop accumula-
tion. This happened to both the rotation and inhalation sys-
tem because the probe’s big surfaces were collecting ice, and
it had a small opening for the inhalation system. In conclu-
sion, even though this CDP setup performed well in warm
cloud conditions, it is not a suitable instrument for semi-long-
term ground-based measurement of clouds in sub-Arctic con-
ditions when we are facing sub-zero conditions.

4 Conclusions

We conducted ground-based in situ cloud measurements dur-
ing PaCE 2013 from 14 September until 28 November. We
deployed three cloud spectrometer setups (CAS, FSSP and
CDP) on the roof of Sammaltunturi station, located in the
Finnish sub-Arctic. The obtained data set was analyzed in
detail to evaluate the instruments’ ground-based setups’ per-
formance and to establish limitations for future studies. All
cloud spectrometers and their setups are owned by FMI and
results could be used in campaigns with similar meteorolog-
ical conditions: sub-Arctic conditions with frequently occur-
ring supercooled clouds. Although there is a possibility that
we sampled ice particles in some cases, it is expected that
the number of supercooled liquid droplets greatly exceeds
the number of small ice cloud droplets. The CAS was in-
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stalled and fixed against the main wind direction of the sta-
tion (∼ 225◦), and the other two probes (FSSP and CDP)
were installed on rotating platforms. Each probe had its own
inhalation system. Their ability to measure the size distri-
bution of cloud droplets along with the derived Nc, the siz-
ing parameters (ED and MVD) and the LWC was tested and
the above parameters were mutually compared. In this work,
CAS and FSSP ground setups were investigated first because
their parallel data coverage was the best (∼ 243 h of common
cleaned data set). On the other hand, CDP had a low common
data set with the CAS. The reason for this was that from the
date that the CAS was installed we were mainly facing sub-
zero temperatures, conditions that proved not to be favorable
for this CDP ground setup.

To estimate the droplet counting performance and possible
droplets losses, we used Nc. Results indicated that when we
were deriving Nc, the mutual direction of probe heading and
the wind direction played the most significant role. From the
intercomparison of the CAS (fixed orientation) with FSSP
(rotating platform), it was found that the CAS probe had the
best agreement (R2

= 0.70) with the FSSP during wind iso-
axial conditions (200 to 235◦). The CAS probe counting ef-
ficiency was strongly dependent on the wind direction; this
can be clearly explained by its installation with a fixed ori-
entation. When the station was inside warm clouds, both the
CDP and the FSSP had good agreement (R2

= 0.82) as they
were both operating on rotating platforms.

The LWC was found to be the most sensitive derived pa-
rameter. This is because LWC strongly depends both on size
and the number of droplets in each size bin. Thus, the wind
direction played the most significant role again. For that
reason, we strongly recommend that only CAS- and FSSP-
derived LWC values from wind iso-axial conditions should
be used. Additionally, LWC values were also found to be
temperature dependent. For temperatures lower than −4 ◦C
the agreement between the CAS and the FSSP in wind iso-
axial conditions was high (R2

= 0.62), and that is why tem-
perature −4 ◦C was adopted as the critical temperature point
regarding LWC estimation. We excluded all LWC values de-
rived from the CDP due to its problematic operation at sub-
zero conditions; i.e., close to a temperature of −4 ◦C, CDP
was usually frozen. The CDP probe often accumulated ice in
sub-zero condition, both in its rotational platform and inhala-
tion system. This was happening due to the presence of su-
percooled clouds at the station. The big surfaces of the CDP’s
rotation platform and the inlet with a small opening collected
ice very fast.

The analysis of the derived sizing parameters, ED and
MVD, showed good agreement among the three probes dur-
ing the time they were operating properly. However, our
conclusions here concentrate only on CAS and FSSP be-
cause only these two instruments operated properly in sub-
zero temperatures, temperatures that we usually face dur-
ing PaCE. The obtained intercomparison results were sur-
prisingly good even though CAS lost a significant amount

of cloud droplets due to its orientation. The wind direction
did not significantly affect the ED values or the MVD, even
though large discrepancies (uncertainty ∼ 85 %) in Nc out-
side of the wind iso-axial conditions could be found (e.g.,
when the wind direction was perpendicular to the CAS
probe fixed direction, uncertainty for sizing parameters was
∼ 20 %). The ED and MVD were not affected because the
shape and the peak position of the CAS size droplet distribu-
tion did not change significantly. Such behavior held through
∼ 183 h of data set. This result is important as it allows us
to use a larger data set without limitations due to wind direc-
tion and other meteorological parameters regarding derived
ED and MVD. The small differences (about 2 µm) were ex-
plained by a closer look at the size distribution of each spec-
trometer and the differences in sizing during operation in real
conditions as they were mentioned above.

At the time of PaCE 2013, the market did not offer any
instrumentation fulfilling our requirements on continuous
long-term unattended operation at sub-zero conditions. As
final suggestions regarding performing continuous ground-
based in situ cloud measurements in harsh environments, we
would like to highlight two major issues. First, the cloud
probes should always continuously face the wind direction
to minimize the sampling losses. If this is not ensured, only
the measurements that are conducted in wind iso-axial con-
ditions can be used for further analysis. However, deriving
the sizing parameters ED and MVD for the whole wind di-
rection spectrum is still possible, but it must be done with in-
sight and prudence. Secondly, deicing features of the ground
setups should be upgraded to make possible their long-term
unattended operation in sub-zero conditions. Otherwise, the
cloud probes need necessary daily or more frequent check-
ups and cleaning of their inlets. Our final recommendations
and our view on the main limitations of each spectrometer
ground setup for using and analyzing the obtained data sets
during sub-Arctic meteorological conditions with frequently
occurring supercooled clouds (including future PaCE cam-
paigns) are summarized and presented in Table 2.

Data availability. The cloud probes and meteorological data used
here are available upon request to the corresponding author (kon-
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Abstract. Continuous, semi-long-term, ground-based in situ cloud measurements were conducted during eight
Pallas Cloud Experiments (PaCEs) held in autumn between 2004 and 2019. Those campaigns were carried out
in the Finnish sub-Arctic region at the Sammaltunturi station (67◦58′24′′ N, 24◦06′58′′ E; 560 m a.m.s.l.), the
part of the Pallas Atmosphere–Ecosystem Supersite and Global Atmosphere Watch (GAW) program. Two cloud
spectrometer ground setups and a weather station were installed on the roof of the station to measure in situ
cloud properties and several meteorological variables. Thus, the obtained data sets include the size distribution
of cloud droplets as a measured cloud parameter along with the air temperature, dew point temperature, humidity,
pressure, horizontal wind speed and direction, (global solar) sun radiation, and visibility at the station. Addition-
ally, the number concentration, effective diameter, median volume diameter, and liquid water content from each
instrument were derived. The presented data sets provide a insight into microphysics of low-level clouds in sub-
Arctic conditions over a wide range of temperatures (−25.8 to 8.8 ◦C). The data are available in the Finnish Mete-
orological Institute (FMI) open data repository for each campaign and each cloud spectrometer ground setup in-
dividually: https://doi.org/10.23728/FMI-B2SHARE.988739D21B824C709084E88ED6C6D54B (Doulgeris et
al., 2021).

1 Introduction

Clouds are considered a major component of both the climate
system and the hydrological cycle. Nevertheless, our level of
understanding of the fundamental details of the cloud micro-
physical processes is still very limited (Boucher et al., 2013).
To gain a deeper knowledge of the formation and develop-
ment of the clouds, more in situ measurements are needed
(Morrison et al., 2019). In addition, a correct representation
of cloud microphysics in general circulation models for nu-
merical weather and climate prediction is of great importance

(Guichard and Couvrex, 2017; Morrison et al., 2020). De-
spite the fact that cloud processes can now be studied with
much more confidence (Bony et al., 2015), representing the
formation and evolution of cloud droplets and the effects of
aerosols on clouds at various meteorological conditions re-
mains a challenge (Grabowski et al., 2019). The number con-
centration and size distribution of cloud droplets are consid-
ered key parameters for a quantitative microphysical descrip-
tion of clouds (e.g., Rosenfeld and Ulbrich, 2003; Komppula
et al., 2005; Lihavainen et al., 2008; Pruppacher and Klett,
2010; Chang et al., 2019) and are connected with the cloud
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lifetime and radiative effects as well as precipitation (e.g., Al-
brecht, 1989; Devenish et al., 2012; McFarquhar et al., 2020).

Three general approaches were used in previous studies
of cloud microphysical properties: in situ sampling through
airborne measurements by aircraft (e.g., Heymsfield et al.,
2011; Craig et al., 2014; Petäjä et al., 2016; Nguyen et al.,
2021) and recently by unmanned aerial systems (UASs) (e.g.,
Girdwood et al., 2020; Brus et al., 2021; Harrison et al.,
2021), in situ sampling by using laboratory cloud chambers
(e.g., Möhler et al., 2003; Stratmann et al., 2004; Nichman
et al., 2017; Doulgeris et al., 2018), and in situ ground-based
measurements (e.g., Guyot et al., 2015; Lloyd et al., 2015;
Lowenthal et al., 2019; Doulgeris et al., 2020). In situ air-
borne and ground measurements (Wandinger et al., 2018) us-
ing cloud spectrometers are considered fundamental as they
offer instrumental access to individual hydrometeors within a
sampling volume. Unfortunately, each of the aforementioned
approaches has inherent limitations.

Data sets that have been obtained from measurements in
sub-Arctic clouds are significant as cloud processes are of
high value since cloud processes are considered an important
component of climate change in the Arctic region (Wendisch
et al., 2019). Pallas Cloud Experiments (PaCEs) took place
in the Finnish sub-Arctic. The main objective during PaCE
was to study low-level clouds and their microphysical prop-
erties in a background sub-Arctic environment. In this work,
we present a unique data set of ground in situ cloud measure-
ments along with several meteorological variables collected
at the Sammaltunturi station in eight autumn campaigns con-
ducted between 2004 and 2019. This data set can be used
in studies of cloud microphysics, climate change in the sub-
Arctic, and performance evaluation and improvement of ex-
isting models, in particular at higher altitudes. In the next
section, we provide a description of the sampling location,
instrumentation, and the measurement methodology we used
for sampling, data processing, and quality control.

2 Methods

2.1 Measurement site and PaCE campaigns overview

The Sammaltunturi station (67◦58′24′′ N, 24◦06′58′′ E) is
hosted by the Finnish Meteorological Institute (FMI) and
is located on a top of an arctic fell (560 m a.m.s.l.) in the
Finnish sub-Arctic region inside the Pallas–Yllästunturi Na-
tional Park (Fig. 1). The Pallas area is located around 180 km
above the Arctic circle, and it has no significant local or re-
gional air pollution sources. Thus, the Sammaltunturi station
provides an excellent location for the monitoring of back-
ground air composition in northern Europe. The station is
about 100 m above the tree line, and the vegetation around it
consists mainly of low vascular plants, mosses, and lichen.
There is a long history of atmospheric data collection in the
area (see Lohila et al., 2015). Monitoring activities of at-
mospheric composition at Sammaltunturi started in 1991 in

a building that originally served the Finnish Broadcasting
Company. The new station (102 m2) opened in July 2001.
Since 1994, Sammaltunturi has been established as a node of
the Pallas–Sodankylä supersite that contributes to the GAW
program of the World Meteorological Organization. The site
was described in detail in Hatakka et al. (2003). The main
research measurements focus on greenhouse gas concentra-
tion, climate effects of atmospheric aerosols, aerosol cloud
interaction, and air quality (e.g., Komppula et al., 2005; Li-
havainen et al., 2008; Asmi et al., 2011; Backman et al.,
2017; Doulgeris et al., 2020). The predominant origin of air
masses arriving at Sammaltunturi is from the Arctic (Asmi et
al., 2011).

The main motivation to perform in situ cloud measure-
ments at the Sammaltunturi was that the station was occa-
sionally immersed in a cloud. Based on analytical data the
most suitable time of the year for in situ cloud measure-
ments was autumn when the horizontal visibility drops below
1 km around 40 % of the time (Hatakka et al., 2003). Once
the preferable time of the year was identified, we started to
conduct ground-based in situ measurements and study cloud
formation. The Pallas Cloud Experiments were, usually, 6–
8 weeks long and lasted approximately from the beginning of
September until the end of November, occasionally extended
to the beginning of December. The first attempt at measuring
in situ cloud properties was made in 2004 using the forward-
scattering spectrometer probe (FSSP-100) ground setup that
was the only available cloud spectrometer at that time. The
next campaigns, in 2005 and 2009, were done using the same
instrument setup (Lihavainen et al., 2008). Later, in 2011
the cloud, aerosol, and precipitation spectrometer (CAPS)
ground setup was added. In January and February 2012, it
was tested for the first time for two short periods during win-
ter at the Sammaltunturi site. In 2012, 2013, and 2015 both
instruments were installed and used during PaCE (Doulgeris
et al., 2020). In 2017 and 2019, only CAPS was used (Gird-
wood et al., 2020). An overview of each year’s campaign du-
ration and the cloud spectrometer ground setups’ availability
is presented in Fig. 2. Instruments that were used for mea-
suring the meteorological variables and the solar radiation
were operating continuously during all PaCE years. The in-
strumentation used during PaCE campaigns is described in
detail in the following section.

2.2 Instrumentation

In order to monitor meteorological variables, the station
was equipped with an automatic weather station (Milos 500,
Vaisala Inc.). A weather sensor (model FD12P, Vaisala Inc.)
was used for measuring the horizontal visibility, the Vaisala
HUMICAP was used for measuring the relative humidity,
BAROCAP sensors were used for measuring the barometric
pressure, and PT100 sensors were used to measure tempera-
ture at 570 m. Global radiation and photosynthetically active
radiation were measured with a pyranometer and a photo-
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Figure 1. (a) Map of Finland showing the location of the field station, and (b) map of the wider Pallas area showing the location of the
Sammaltunturi station (red cross) (© Google Maps). (c) The Sammaltunturi measuring station during PaCE.

voltaic detector, respectively. Additionally, the wind speed
was measured with a heated cup and the wind direction with
a heated wind vane. All the above meteorological variables
were saved as 1 min averages. A detailed description of the
weather sensors can be found in Hatakka et al. (2003).

In order to conduct in situ cloud ground-based measure-
ments, we deployed two instruments. The cloud, aerosol,
and precipitation spectrometer (CAPS) and the forward-
scattering spectrometer probe (FSSP-100; Droplet Measure-
ment Technologies (DMT), Boulder, CO, USA) (Fig. 3).
The FSSP (model SPP-100, DMT) was originally manufac-
tured by Particle Measuring Systems (PMS Inc., Boulder
CO, USA). Both instruments were originally developed for
airborne measurements but modified as ground setups by
the manufacturer (DMT, USA). They were installed on the
rooftop of the Sammaltunturi station. The CAPS was fixed
with a heading always to the main wind direction of the sta-
tion southwest,∼ 225◦, while the FSSP-100 was installed on
a rotating platform to continuously face the wind. The CAPS
had a total height of 0.6 m above the roof where it was in-

stalled and a height of 4.5 m from the ground. FSSP had a
total height of 0.6 m above the roof where it was installed
and a height of 5.5 m from the ground. The two setups had a
horizontal distance of ∼ 10 m and vertical distance of ∼ 1 m
between them. From 2004 until 2012 a flow laminator was
used inside the FSSP inlet (Lihavainen et al., 2008). How-
ever, the flow laminator was often blocked by freezing or su-
percooled cloud droplets at sub-zero temperatures, and for
this reason it was cleaned every hour if occurrence of sub-
cooled water was detected. The laminator blockage was ev-
ident both during everyday instrument inspection and from
the raw data. Only data cleaned of this artifact were used in
the FSSP data set. However, even without placing the lami-
nator, the Reynolds number indicated that the flow inside the
inlet was still laminar. As a result, in 2012 we decided that
the laminator would not be used in the FSSP setup anymore.
Thus, the number of data after 2012 were more extensive,
and the number of cases when the FSSP would have been
blocked was significantly reduced. A detailed description of
both ground setups and the methodology we used for obtain-
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Figure 2. Cloud spectrometer ground setups’ availability during PaCE is presented for each year.

ing the ground-based cloud microphysical properties with in
situ method was documented in Doulgeris et al. (2020). Only
a short overview is given here.

The CAPS has been widely used in airborne measurements
of the microphysical properties in clouds (e.g., Baumgardner
et al., 2001, 2011; Droplet Measurement Technologies Man-
ual, 2011; Lachlan-Cope et al., 2016). The CAPS probe in-
cludes three instruments: the cloud and aerosol spectrometer
(CAS) which measures smaller particles, the cloud imaging
probe (CIP), and the hot-wire liquid water content (LWChw)
sensor. For the ground setup we deployed, the hot-wire LWC
faced difficulties operating in such extreme conditions; after
operating in supercooled liquid clouds (even for a short time)
the sensor was accreting ice. In addition, the lifetime of the
sensor is limited and significantly shorter than the duration of
the campaign. The FSSP-100 was widely used for measuring
droplet size distribution (e.g., Brenguier, 1989; Lihavainen et
al., 2008; Lloyd et al., 2015; Doulgeris et al., 2020). CAS and
FSSP-100 derive the size of the particle from the intensity of
the scattered light, using the Mie theory (Mie, 1908). Further-
more, backscatter optics measure light intensity in the 168 to
176◦ range. This allows the determination of the real com-
ponent of a particle’s refractive index for spherical particles.
The CIP is a single particle optical array probe. Its design
is based on optical measurement techniques whereby sin-
gle particles pass through a collimated laser beam and their
shadow is projected onto a linear array of 64 photodetectors.
The count of the particle is dependent on the change in the
light intensity of each diode.

All the instruments were calibrated before and after each
campaign. Until 2011, we relied on the manufacturer cali-
bration that was done at DMT. After 2011, we also started
to perform calibration at the FMI, on top of manufacturer
calibration, to ensure the quality of the collected data. For
the calibration of the CAS and FSSP-100, glass beads in the
diameter size range 2–40 µm and polystyrene latex sphere
(PSL) standards in the diameter size range 0.74–2 µm were
used. Cloud spectrometers (in our case CAS and FSSP-100)
are calibrated for size measurements but not for number
concentration measurements. The instruments faced extreme
conditions during the whole campaign, in terms of frequent
changes in wind direction, wind speed and sub-zero temper-
atures. Despite the calibration procedures we should always
keep in mind that extreme meteorological conditions could
possibly lead to unexpected performance. To calibrate the
CIP, a spinning glass disk with opaque dots of known size
was used.

The CAPS ground setup included a high-flow pump (Bal-
dor, Reliance, USA) which worked as an aspiration system.
The aspiration system was made and provided by the manu-
facturer (DMT). A custom aspiration system with a high-flow
ventilator was also made by the manufacturer (PMS) and
employed through FSSP-100 inlet to ensure constant flow
through it. A digital thermo-anemometer (model 471, Dwyer
Inc.) was used in each campaign for checks of daily cloud
spectrometers’ air speed. The FSSP air speed inside the in-
let was calculated from the measured air speed in front of
the inlet, except in 2004 and 2005 when the air speed was
calculated with measured volume flow rate through the in-
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Figure 3. CAPS (a) and FSSP-100 (b) ground setups as installed on the roof of Sammaltunturi station.

let. A necking inside the inlet led the flow from inner diam-
eter 3.8 to 2.0 cm. Both spectrometers were equipped with
anti-ice systems as they were modified by the manufacturers
(DMT for CAPS and PMS for FSSP-100) for ground-based
use. Despite the existing anti-ice features, due to the subzero
temperatures that they were facing, snow or ice could accrete
and affect the air speed inside the probe inlets. For this rea-
son, to ensure the proper operation of the instruments, they
were inspected and cleaned twice per day, every morning and
evening (approximately every 12 h).

The ground-based in situ cloud measurements provided
the cloud and precipitation size distribution. The PADS 2.5.6
software that was used for the data acquisition of CAPS
measurements (Droplet Measurement Technologies Manual,
2009) provided the number concentration (Nc, cm−3), liq-
uid water content (LWC, g cm−3), median volume diameter
(MVD, µm), and effective diameter (ED, µm). For the FSSP-
100, Nc, LWC, MVD, and ED were also derived using the
same equations (Doulgeris et al., 2020), since we used an
older software for data acquisition (PACS 2.2, DMT).

The major sources of uncertainties of the cloud spectrom-
eters can be coincidence, dead-time losses, and changing ve-
locity ratio (Guyot et al., 2015). The uncertainty of estima-
tion of sizing at the cloud spectrometers was 20 % and that
of the number concentration was 16 % (Baumgardner, 1983;
Dye and Baumgardner, 1984; Baumgardner et al., 2017). Ac-
cording to Lance (2012), it was observed that for CAS at am-
bient droplet concentrations of 500 cm−3 there was 27 % un-
dercounting and a 20 %–30 % oversizing bias. In our case,
during PaCE campaigns the droplet number concentration
values we monitored were in the majority of cases less than
300 cm−3. These number concentration values lead us not to
take coincidence, dead-time losses, and velocity acceptance
ratio (VAR) uncertainties into consideration in this analysis.
LWC has a significant uncertainty of 40 % (Droplet Measure-
ment Technologies Manual, 2009). The FSSP-derived ED
and LWC had an uncertainty of 3 µm and 30 % in mixed-
phase clouds (Febvre et al., 2012). An overview of the in-
strumentation and their operational characteristics we used
for cloud measurements are summarized in Table 1.

3 Overview of data set and quality control
description

The current data set contains only in-cloud measurements
when the station was immersed in a cloud. Data from each
cloud probe and the weather station were quality controlled
and unified in a common format for release and further anal-
ysis. The presence of a cloud at the station was identified
with three different factors. First, we checked the droplet
size distribution measured in both of the cloud spectrome-
ters. This was the main parameter to consider that the sta-
tion was inside a cloud. Then, to confirm this assumption,
we cross-checked the droplets counts with two meteorologi-
cal variables – the relative humidity at the measurement site
which was expected to be∼ 100 % and the horizontal visibil-
ity which should be less than 1 km, when the Sammaltunturi
station is in the cloud. In the event that one of the factors was
not fulfilled, a final inspection was done visually using pic-
tures recorded by an automatic weather camera installed on
the roof of the station.

During PaCE 2004 and 2005 the sampling time of the
FSSP-100 was 15 s. During PaCE 2009 the instrument was
set to sample at 10 s. From 2009 until 2019 the sampling
time was set to sample each 1 s (1 Hz) for both instruments.
The PT100 sensor, Vaisala HUMICAP and BAROCAP sen-
sors, the pyranometer, and the heated cup and wind vane
were also set to sample to 1 s. The FD12P Vaisala weather
sensor sampling time was 15 s. For every year, 1 min aver-
ages were calculated for each cloud spectrometer and each
meteorological variable. As a result, we obtained the cloud
droplet size distribution and several meteorological variables
for each minute and as derived parameters the Nc (cm−3),
LWC (g cm−3), MVD (µm), and ED (µm). All data sets
were converted to NetCDF format. All times in this work are
given in UTC time. Our data set includes a separate NetCDF
and CVS file for each cloud spectrometer and for each year
under the file name PACE.yyyy.cloud_spectrometer.nc and
PACE.yyyy.cloud_spectrometer.cvs (example names). For
every file, the sampling area (mm2) and the probe air speed
(ms−1) that were used to derive each parameter are provided.
In addition, it includes the cleaned timeline data set of the fol-
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lowing cloud properties and meteorological variables: year
(YYYY), day (DD), month (MM), hour (HH), min (MN),
size bin lower limit, size bin higher limit, number concen-
tration (cm−3), liquid water content (g cm−3), effective di-
ameter (µm), median volume diameter (µm), the calculated
MSD (cm−3) values in each bin, temperature at 570 m (◦C),
dew point (◦C), humidity at 570 m (%), pressure (hPa), wind
speed (m s−1), horizontal wind direction (degrees), global
solar radiation (W m−2), photosynthetically active radiation
(µmol m−2 s−1), and the horizontal visibility (m). The de-
rived cloud parameters – number concentration (cm−3), liq-
uid water content (g cm−3), effective diameter (µm), and me-
dian volume diameter (µm) – were not included in the CIP
files. The number of cloud droplets per minute in CIP size
range leads to statistically biased values, and for this reason
we decided to exclude them. The variables, naming abbrevi-
ations, and units are summarized in Table 2.

The CAS contains 30 size bins with a forward-scattering
upper bin size of 0.61, 0.68, 0.75, 0.82, 0.89, 0.96, 1.03, 1.1,
1.17, 1.25, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6.5, 7.2, 7.9, 10.2, 12.5,
15, 20, 25, 30, 35, 40, 45, and 50 µm, and the CIP contains 62
size bins with a bin size of 15, 30, 45, 60, 75, 90, 105, 120,
135, 150, 165, 180, 195, 210, 225, 240, 255, 270, 285, 300,
315, 330, 345, 360, 375, 390, 405, 420, 435, 450, 465, 480,
495, 510, 525, 540, 555, 570, 585, 600, 615, 630, 645, 660,
675, 690, 705, 720, 735, 750, 765, 780, 795, 810, 825, 840,
855, 870, 885, 900, 915, and 930 µm. For the FSSP-100 two
different bin size ranges were used. During 2004 and 2005
the instrument was set up to use 30 size bins with a forward-
scattering upper bin size of 3.0, 4.5, 6.0, 7.5, 9.0, 10.5, 12.0,
13.5, 15.0, 16.5, 18.0, 19.5, 21.0, 22.5, 24.0, 25.5, 27, 28.5,
30.0, 31.5, 33.0, 34.5, 36.0, 37.5, 39.0, 40.5, 42.0, 43.5, 45.0,
and 47.0. From 2009 until 2015, the FSSP was set up to use
40 size bins with a forward-scattering upper bin size of 1.2,
2.4, 3.5, 4.7, 5.9, 7.1, 8.2, 9.4, 10.6, 11.8, 12.9, 14.1, 15.3,
16.5, 17.6, 18.8, 20, 21.2, 22.3, 23.5, 24.7, 25.9, 27, 28.2,
29.4, 30.6, 31.7, 32.9, 34.1, 35.3, 36.4, 37.6, 38.8, 40, 41.1,
42.3, 43.5, 44.7, 45.8, and 47 µm.

Measurements of each year were inspected to ensure a
good quality of the data set. First, the raw data set was
checked in order to eliminate and exclude from further anal-
ysis cases in which one of the cloud probes was partially
or fully blocked. Partially or fully blocked probes were also
visible in raw data. To detect blocked probes, Nc was care-
fully investigated for the whole data set. When a sudden de-
crease just before a sudden increase in droplet number con-
centration was occurring, we had a clear sign of probe in-
let freezing. This behavior was observed due to the opening
of the probe inlet becoming smaller (from the accumulation
of snow/ice) and resulted in a raised probe air speed. Dur-
ing data evaluation we considered that the probe air speed
was constant. This abnormality in the Nc was happening due
to the underestimation of the probe air speed. Then, we ap-
plied the suggested corrections due to limitations (Doulgeris
et al., 2020) for the data analysis of the CAS and FSSP-100

ground setups. Doulgeris et al. (2020) demonstrated that the
CAPS (that was fixed to one direction) showed significant
sampling losses when it was not facing the wind direction
since it was not sampling isokinetically. For this reason, the
data that were obtained in the wind iso-axial conditions were
considered to have the best quality. Thus, regarding CAPS,
only the measurements when the instrument was facing the
wind direction were included. The FSSP-100 ground setup
was always directed against the wind direction, and as a re-
sult we provided measurements from all wind sectors. Miss-
ing data points were marked as −9999.9.

As it is shown in Fig. 4, the observation hours after PaCE
2013 when the campaigns had longer duration are signifi-
cantly higher. The number of data in these years is excessive,
serving as an important source of information for Arctic stud-
ies. An overview of meteorological variables is presented for
each campaign when the FSSP-100 and CAPS ground se-
tups were operational. In Fig. 5, a statistical description of the
temperature at 570 m a.m.s.l. for each campaign is illustrated.
Each PaCE year the temperature trends and ranges were sim-
ilar (around−10.0 to 8 ◦C). In Fig. 6, we show the percentage
of the data set for each year in which the global solar radia-
tion was higher than 0. It was used to estimate the number of
data collected in each campaign in daylight. In addition, an
overview of the microphysical derived cloud properties data
from each campaign is presented. Thus, in Figs. 7, 8, and 9,
the number concentration, the effective diameter, the medium
volume diameter, and the liquid water content are presented
for each campaign and for the FSSP-100 and CAS ground
setups, respectively. Number concentration averaged values
were similar for every year of the measurements and reach
scales around 100 cm−3. However, there were some cloud
cases during each campaign that number concentration had
values around 300 cm−3. The averaged ED and MVD values
were ranging approximately from 10 to 20 µm. The liquid
water content was less than 0.2 g cm−3 in most cases.

4 Code availability

Software developed to process and display the data from the
cloud ground-based spectrometers is not publicly available
and leverages licensed data analysis software (MATLAB).
This software contains intellectual property that is not meant
for public dissemination.

5 Data availability

Each described data set was collected by Finnish Meteo-
rological Institute during PaCE campaigns and was pub-
lished in the described form at the FMI open data repos-
itory. All data sets have undergone thorough quality con-
trol, and false readings were eliminated. Data sets can
be all found at https://doi.org/10.23728/FMI-B2SHARE.
988739D21B824C709084E88ED6C6D54B (Doulgeris et
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Table 2. Cloud properties and meteorological variables along with abbreviations and units as they are included in each data set.

Variable name Abbreviations Units Comments

Cloud properties

Number concentration Nc cm−3 derived parameter
Liquid water content LWC g cm−3 derived parameter
Effective diameter ED µm derived parameter
Median volume diameter MVD µm derived parameter
Size distribution MSD cm−3 µm−1 calculated from min averages counts per bin

Meteorological variables

Temperature at 570 m T ◦C PT100 sensor
Dew point temperature TDP

◦C
Relative humidity at 570 m RH % Vaisala HUMICAP sensor
Pressure P hPa Vaisala BAROCAP sensor
Wind speed Ws ms−1 measured with a heated cup
Wind direction Wdir

◦ measured with a heated wind vane
Global solar radiation Srad W m−2 Pyranometer
Photosynthetically active radiation PAR µmol m−2 s−1 Photovoltaic detector
Horizontal visibility V m FD12P Vaisala weather station

Figure 4. Hours of observation data collected for each PaCE cam-
paign when the FSSP-100 and CAPS ground setups were opera-
tional.

al., 2021). When the CIP was operational, we also collected
the CIP images. However, we did not include the raw im-
ages in the data set for two reasons. First, they were in binary
format. To read them, we used a proprietary image analy-
sis software that was provided by DMT. Secondly, the upper
limit of the open data repository is 10 GB, which was not
enough to include the CIP raw images which were approxi-
mately 0.5 GB per case per day. However, RAW CIP images
could be provided by the authors upon request.

Figure 5. Statistical description of the temperature at 570 m a.m.s.l.
for each PaCE campaign when the FSSP-100 and CAS ground se-
tups were operational.

6 Summary

In this study we produced and summarized data sets ob-
tained from two cloud ground-based spectrometers (CAPS
and FSSP-100 ground setups) owned by the FMI during
8 years of PaCE campaigns conducted in autumn from 2004
until 2019 along with several meteorological variables. PaCE
campaigns took place in the Finnish sub-Arctic region in a
clear environment in temperatures that were usually below
zero. In Sect. 2, we describe the measuring site where PaCE
campaigns took place and the cloud ground spectrometers
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Figure 6. The percentage of the global solar radiation that was
higher than 0 during each campaign when the FSSP-100 and CAS
ground setups were operational.

Figure 7. Statistical description of Nc for each PACE campaign
during which the FSSP-100 and CAS ground setups were opera-
tional.

setups that were used to obtain the cloud data along with the
instrumentation that was used to monitor the weather condi-
tions. In Sect. 3 an overview of the data set is presented.

These observations gathered in sub-Arctic conditions are
a unique source of in situ cloud measurements, which can
contribute to the understanding of the cloud dynamics and
formation in a sub-Arctic environment in different meteo-
rological conditions. Such semi-long observations are diffi-
cult to obtain in similar environments due to current lack of
instrumentation which would allow continuous unattended
operation at temperatures below 0 ◦C. Cloud droplet spec-
trometers with surface installation has been identified as a

Figure 8. Statistical description of ED (a) and MVD (b) for each
PACE campaign during which the FSSP-100 and CAS ground se-
tups were operational.

Figure 9. Statistical description of LWC for each PaCE campaign
when the FSSP-100 and CAS ground setups were operational.

potential method for continuous cloud in situ measurements
(Wandinger et al., 2018). Thus, due to the increased de-
mand for long-term continuous ground-based in situ cloud
measurements, we provide a data set of in situ cloud mea-
surements in a harsh sub-Arctic environment. Each data set
includes a combination of cloud microphysical properties
along with several meteorological variables. Even though the
data set includes measurements from eight campaigns, we
would propose a case-by-case cloud investigation. Due to the
inhomogeneity of the presented cloud cases, it is challenging
to retrieve any trend that can be unambiguously connected
to changes in the atmosphere. Also, the quality of data set
may differ for each campaign due to the different number of
observations per year and operators’ experience running the
ground-based spectrometers through the years. In addition,
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each cloud case could be of different mass origin. We there-
fore discourage from any trend analysis based only on the
presented data set. At least thorough back-trajectory analysis
and subsequent segregation of data set according to air mass
origin is recommended. However, this was not an objective
of this paper. The data set in current form provides a help-
ful contribution to cloud microphysics processes on shorter
timescales. Microphysical processes can strongly influence
cloud–climate feedbacks in global climate models (Bodas-
Salcedo et al., 2019). Furthermore, it can be used as com-
plementary in model development. Representation of cloud
microphysics is considered significant for large eddy simu-
lation (LES) models (Morrison et al., 2020). There is a need
for in situ cloud data sets due to two significant problems
that the modeling community is facing: the representation of
the population of the cloud and precipitation particles and the
uncertainties due to fundamental gaps in knowledge of cloud
physics (Morrison et al., 2020). In this data set, the cloud size
distribution was monitored in different stages of its evolution.

Appendix A: Abbreviations

PaCE Pallas Cloud Experiment
GAW Global Atmosphere Watch
UAS Unmanned aerial system
FMI Finnish Meteorological Institute
CAPS Cloud, aerosol, and precipitation spectrometer
CAS Cloud and aerosol spectrometer
CIP Cloud imaging probe
LWChw Hot-wire liquid water content sensor
FSSP-100 Forward-scattering spectrometer probe
DMT Droplet Measurement Technologies
PMS Particle Measuring Systems
PSL Polystyrene latex sphere
Nc Number concentration
LWC Liquid water content
ED Effective diameter
MVD Median volume diameter
T Temperature at 570 m a.m.s.l.
TDP Dew point temperature
RH Relative humidity at 570 m a.m.s.l.
P Pressure
Ws Wind speed
Wdir Wind direction
Srad Global solar radiation
PAR Photosynthetically active radiation
V Horizontal visibility
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Abstract. In this work, an analysis was performed to investigate how different long-range transport air masses
can affect the microphysical properties of low-level clouds in a clean subarctic environment. The cloud mea-
surements included in situ and remote sensing ground-based techniques and were conducted during eight Pallas
Cloud Experiments (PaCEs) held in the autumn between 2004 and 2019. Each PaCE was carried out at the Pal-
las 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 (CAPS) and the forward-scattering spectrometer probe (FSSP). Air mass histories
were analyzed using the Lagrangian FLEXible 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. The Western region (marine North Atlantic)
differed from the Arctic by both higher Nc and LWC. The Eastern region (continental Eurasia) only had a little
higher LWC than the Arctic but substantially higher Nc and a smaller droplet diameter. The Southern region
(continental Europe) had high Nc and LWC and a very similar droplet diameter to the Eastern region. Finally,
the relationship between Nc 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 Nc.

1 Introduction

Uncertainties in cloud processes and feedbacks are key chal-
lenges when developing climate projections (e.g., Boucher
et al., 2013; Sherwood et al., 2020). Cloud microphysics
and their dynamics are considered 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 in-
fluenced 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). It is important to un-
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derstand how different air masses can influence the aerosols
and the cloud microphysics (e.g., Painemal et al., 2014; Orbe
et al., 2015a; Fuchs et al., 2017; Cho et al., 2021). Investi-
gating subarctic clouds is of particularly high interest due to
the Arctic amplification effect, since the Arctic surface en-
ergy 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; Torres-Delgado et al., 2021).
Hobbs and Rangno (1998) highlighted that air masses from
the south resulted in the highest overall aerosol number con-
centration measured in altocumulus clouds over the Beaufort
Sea. Gultepe et al. (2000) stated that Arctic clouds were af-
fected by the air mass origin, which was strongly related to
aerosol properties and dynamical and thermodynamical pa-
rameters. Gultepe and Isaac (2002) studied the cloud micro-
physics over the Arctic Ocean and found that there were dif-
ferences in the number concentration, liquid water content
and effective radius of Arctic clouds in air masses originat-
ing 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 re-
sponse 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 At-
lantic 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 from a high mountain site lo-
cated in Japan, showed that the cloud droplet number concen-
trations 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 in-
fluences on cloud condensation nuclei (CCN) under various
air mass environments and suggested that information on the
aerosol chemical composition and mixing state is more cru-
cial at lower supersaturations. Torres-Delgado et al. (2021),
using aerosol and cloud measurements from a site in a trop-
ical 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) in-
vestigated wintertime cloud properties and radiative effects
in connection with cold and warm air mass origins at Ny-
Ålesund, Svalbard, using remote sensing measurements with
cloud radar, ceilometer and microwave radiometer instru-

ments and revealed that the effective radius of cloud particles
in warm advection cases was approximately 5–10 µm larger
than that of cold advection cases at all altitudes.

One of the few sites that enables long-term in situ observa-
tions 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;
Hyvärinen 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 Pallas. In the Arctic, during autumn, the ultrafine aerosol
number concentration and the occurrence of clean, natu-
ral Arctic background conditions are significantly increasing
(Pernov et al., 2022). Subsequently, this allows us to 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 per-
formed in a subarctic environment and connects extensive
in situ cloud measurements to air mass origin. Size distri-
bution is considered one of the most important parameters
of the cloud system due to its impact on the dynamics and
microstructures within the cloud (Igel and van den Heever,
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, 2010; Rosenfeld and Ul-
brich, 2003; Donovan et al., 2015), cloud radiative proper-
ties 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 spectrom-
eters from 8 different years of campaigns to obtain the cloud
droplet size distribution. A lidar ceilometer was used to mon-
itor 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,
and how it was installed, is given in Sect. 2.1 and 2.2. Sub-
sequently, in Sect. 2.3, a general overview of the campaigns
is presented. In Sect. 2.4, we present how the backward tra-
jectories were calculated. In Sect. 3, the optimal threshold of
traveling air masses within a region to represent an air mass
type is identified, and a detailed analysis is done to find out
to what extent the air mass type influences the microphysi-
cal properties of the low-level clouds. Finally, in Sect. 4, we
summarize our main conclusions.
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2 Methodology

2.1 Sampling station

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 (a.s.l.) (Hatakka et al., 2003). The site
where the ceilometer was installed was the Kenttärova sta-
tion, 347 m a.s.l., located at the foot of the same hill (Fig. 1).
A full description of the Pallas Atmosphere-Ecosystem Su-
persite can be found in Lohila et al. (2015).

2.2 Instrumentation

The instruments that were used in this study are listed in Ta-
ble 1, together with the measured and derived parameters,
their uncertainties and their location. During Pallas Cloud
Experiments (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 contin-
uous 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, 2009; Doulgeris et al., 2020):
the cloud droplet number concentration (Nc; cm−3), the me-
dian volume diameter (MVD; µm) and effective diameter
(ED; µm) of cloud droplets, and the cloud liquid water con-
tent (LWC; g m−3).

Two ground-based spectrometers were installed on the
roof of Sammaltunturi station: the cloud, aerosol and precipi-
tation spectrometer (CAPS) and the forward-scattering spec-
trometer probe (FSSP-100; hereafter called FSSP for sim-
plicity) (Fig. 2). CAPS was made by Droplet Measurement
Technologies (DMT), Boulder, CO, USA. FSSP-100 (model
SPP-100, DMT) was initially manufactured by Particle Mea-
suring Systems (PMS Inc., Boulder CO, USA) and later ac-
quired 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 µm and that of
the FSSP from 0.5 to 47 µm in diameter. In both CAS 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 CAS 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, 2022). The in-

strument that monitored the cloud base was a lidar ceilome-
ter that was deployed at the Kenttärova site (model CT25K,
Vaisala Oyj, 2002; Emeis et al., 2004), except in 2019 when
it was replaced by a CL31 model, Vaisala Oyj. The meteo-
rological variables were monitored by an automatic weather
station (model Milos 500, Vaisala Oyj) that was deployed
at the 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 a.s.l. by a PT100
sensor, the horizontal visibility by a weather sensor (model
FDP12P, Vaisala Oyj), the relative humidity by a HUMI-
CAP (Vaisala Oyj), the barometric pressure by a BAROCAP
(Vaisala Oyj) sensor, the wind direction by a heated wind
vane and the wind speed by a heated cup (Vaisala Oyj).

2.3 Sampling campaigns

Measurements used in this study were conducted during
the Pallas Cloud Experiments (PaCEs). A description of the
dataset (microphysical properties of clouds along with me-
teorological variables) that was obtained during PaCEs is
available in Doulgeris et al. (2022). The PaCEs were ap-
proximately 2-month-long field campaigns conducted in the
Finnish subarctic region at the Sammaltunturi station dur-
ing 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 sta-
tion is frequently inside a cloud, which allowed us to per-
form 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 obser-
vations in cloud, is presented in Table 2. During PaCEs, all
measurements were performed with a 1 Hz acquisition fre-
quency. For the data analysis, averages per minute from each
instrument were calculated when the measuring site was in-
side a cloud. Each cloud event was inspected separately. Af-
terwards, in situ cloud data were related to the air mass ori-
gin and classified accordingly. We only used measurements
when the cloud spectrometers were facing the wind direc-
tion, 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 site are expected to be
dominated by sulfate and particulate organic matter in con-
tinental 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 SO2 and H2SO4 are possible
in air masses arriving from the Kola Peninsula, which is
a large source of SO2 emissions (Kyrö et al., 2014; Sipilä
et al., 2021; Brus et al., 2013a, b). Elevated SO2 concen-
trations and particle number concentrations in the accumu-
lation mode (0.1–1 µm in diameter) of the mass size dis-
tribution are also expected from air masses that have trav-
eled over continental Europe. Total aerosol particle number
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Figure 1. (a) Map of Finland showing the location of the Pallas Atmosphere-Ecosystem Supersite (yellow hut) and (b) map of the wider
Pallas area showing the location of Sammaltunturi (yellow hut) and Kenttärova (yellow circles) stations (© Google Maps).

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

concentrations at Sammaltunturi are typically low (average
of 700 cm−3; in winter the daily averages may drop below
100 cm−3) (Hatakka et al., 2003; Komppula et al., 2003).
Generally, in Finnish Lapland, aerosol particle number con-
centrations are expected to be the highest in air masses ar-
riving from the Kola Peninsula (more than 1000 cm−3) and
the lowest in marine air masses, especially in air originating
from the Arctic Sea (often less than 100 cm−3) (Lihavainen
et al., 2008). Higher particle number concentrations in the
accumulation mode are also expected in air masses which
have traveled over continental Europe (Virkkula et al., 1997).

In Sammaltunturi, cloud condensation nuclei (CCN) concen-
trations are smaller than 100 cm−3 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 hy-
groscopicity is expected (Paramonov et al., 2015).

2.4 Classification of air mass origin

Air mass origins were analyzed using the Lagrangian parti-
cle dispersion model FLEXPART version 10.4 (Seibert and
Frank, 2004; Stohl et al., 2005; Pisso et al., 2019). FLEX-
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Table 1. Instrumentation that was used during PaCE, along with measured and derived parameters, their sampling frequencies, accuracy of
the instruments and the location where the instruments were installed.

Instrument Measured, derived Sampling Accuracy Location References
parameters frequency

CAS, DMT Number size distribution 1 s At ambient droplet Sammaltunturi Doulgeris et al. (2020, 2022),
of cloud droplets concentrations of Baumgardner et al. (2001),
(0.51 to 50 µm); 500 cm−3, Lance (2012)
derived parameters Nc, 27 % undercounting
LWC, ED, MVD 20 %–30 % oversizing

FSSP, DMT Number size distribution 1 s Nc accuracy: 16 % Sammaltunturi Doulgeris et al. (2020, 2022),
of cloud droplets sizing accuracy: ±3 µm Brenguier (1989),
(0.5 to 47 µm); LWC accuracy: 30 %–50 % Baumgardner et al. (2017),
derived parameters Nc, Baumgardner (1983)
LWC, ED, MVD

Ceilometer CT25K, Cloud base altitude 60 s ±2%± 1/2× Kenttärova Vaisala Oyj (2002),
Vaisala (resolution) Emeis et al. (2004)

FD12P, Vaisala Horizontal visibility 60 s ±10 % at 10–10 000 (m) Sammaltunturi Hatakka et al. (2003)

PT100 sensor, Vaisala Temperature 60 s ±0.1 (◦C) Sammaltunturi Hatakka et al. (2003)

HUMICAP sensor, Relative humidity 60 s ±0.8 (%) RH Sammaltunturi Hatakka et al. (2003)
Vaisala

BAROCAP sensor, Barometric pressure 60 s ±0.15 (%) (hPa) Sammaltunturi Hatakka et al. (2003)
Vaisala

Wind vane, Vaisala Wind direction 60 s ±3 (◦) Sammaltunturi Hatakka et al. (2003)

Heated cup, Vaisala Wind speed 60 s ±0.17 (m s−1) Sammaltunturi Hatakka et al. (2003)

Table 2. Overview of each campaign, including the starting and ending date, the availability of the ground cloud spectrometer probes and
the ceilometer.

Year Starting Ending CAS FSSP Ceilometer Cloud Cloud
date date observations observations

CAPS FSSP
(hours) (hours)

2004 25 October 7 November Not available On-site CT25K – 42
2005 30 September 5 October Not available On-site CT25K – 45.4
2009 11 September 9 October Not available On-site CT25K 34.2
2012 14 September 30 October On-site On-site from 9 October CT25K 477.5 50
2013 14 September 28 November On-site from 15 October On-site CT25K 483.5 492.6
2015 24 September 2 December On-site from 6 October On-site CT25K 528.4 561.9
2017 18 September 29 November On-site Not available CT25K 681.8 –
2019 20 September 24 November On-site Not available CL31 479.6 –

PART was run backward in time to calculate potential emis-
sion 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). ERA5 reanalysis by the European Centre
for Medium-Range Weather Forecasts (ECMWF) was used
as meteorological input fields for FLEXPART at 1 h tempo-
ral resolution and 0.25◦ resolution in latitude and longitude.
In the vertical, ERA5 levels 50 to 137 were used, which cor-
responds approximately to the lowest 20 km above the sur-
face. The model domain was from 125◦W to 75◦ E and 10

to 85◦ N, which was large enough to contain 96 h simula-
tions 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 a.s.l., as the terrain height in ERA5 at the site was
approximately 300 m a.s.l. 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 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
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Figure 3. Map of the air mass regions: I (Arctic), II (Eastern),
III (Southern), IV (Western) and V (Local). Figure was adopted
from Asmi et al. (2011).

was based on previous studies that were conducted at Sam-
maltunturi (e.g., Aalto et al., 2003; Eneroth et al., 2005;
Tunved et al., 2006; Asmi et al., 2011). Initially, the regions
were classified using trajectory cluster analysis, following
the method proposed by Eneroth et al. (2003). The choice
of sectors roughly represents the characteristics of the re-
gion. The Arctic and Western regions represent marine ar-
eas, whereas the Eastern, Southern and Local regions repre-
sent continental areas. Figure 4 illustrates an example case
for air masses arriving on 20 September 2012 at 11:00 UTC
at Sammaltunturi. In Fig. 4a PES is summed up for the full
duration of the 96 h backward simulation and for all out-
put heights at each latitude–longitude grid cell. Figure 4b
displays the vertical distribution of PES during the simu-
lation. However, the information in Fig. 4b is not used in
further analysis, but the fraction of PES in each source re-
gion 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 III) and 23 %
Western (area IV). Finally, Fig. 4c shows how the PES frac-
tions evolve during 20 September 2012 at Sammaltunturi,
with the case in Fig. 4a represented by the bar at 11:00 UTC.
In Fig. 4c a clear change in air mass origin is observed at
18:00 UTC when the fraction of Arctic source region starts
to increase, reaching up to 48 % at 22:00 UTC.

3 Results

3.1 Local meteorological conditions

Figure 5 shows the daily average temperatures at 570 m ob-
served at the Sammaltunturi measuring site for days with
“cloud events”. The seasonal temperatures range from an
average of 4.5 ◦C (SD 2.1 ◦C) in September to −5.3 ◦C
(SD 1.8 ◦C) in November, and interannual variability is re-
vealed. Days with “cloud events” were defined as the days
when the station was at least 30 min 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 %, and the horizontal visibility should be less than
1000 m, and a final inspection was performed visually using
pictures 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 dur-
ing 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 su-
percooled 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 (An-
dronache, 2017). During September, the average tempera-
ture 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 ap-
proximately 0 to 10 m s−1, and the average wind speed dur-
ing each campaign was around 7 m s−1. These values were
lower in comparison to the probe air speed of both cloud
ground-based spectrometers (Doulgeris et al., 2022).

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 a
particular region to be representative of the air mass type.
Nc was chosen to be used as a benchmark parameter. Fig-
ure 6 shows hourly Nc values depending on the PES frac-
tion of the Arctic region (in the Arctic, during autumn, the
ultrafine aerosol number concentration and the occurrence
of clean, natural Arctic background conditions are signifi-
cantly increasing; Pernov et al., 2022). The lowest values of
Nc (< 30 cm−3) were related to PES fractions > 80 %. When
the PES fraction was between 70 % and 80 %, the values of
Nc were varying between 5 and 80 cm−3, and the highest val-
ues of Nc (> 30 cm−3) were related to a PES fraction lower
than 70 %.

To achieve a generalization of the large-scale air mass in-
fluence on microphysical cloud properties, the characteris-
tics of all regions were intercompared. In Fig. 7 we summa-
rize cloud Nc measurements from both CAS 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 in-
strument 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 investi-
gated: (i) when the PES fraction was more than 80 % within
one region and (ii) when the PES fraction was between 70 %
and 80 % within one region. For the first level, the highest
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Figure 4. (a) Horizontal distribution of vertically integrated PES for air masses arriving at Sammaltunturi on 20 September 2012 11:00 UTC.
Source regions are indicated with Roman numerals. (b) Vertical distribution of PES in panel (a) as a function of time before arrival at
Sammaltunturi. (c) Timeline of the PES fraction for each source region for 20 September 2012.

Figure 5. The daily average 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 a cloud event is provided in the text. The shaded area represents
the corresponding standard deviations.

values of Nc (approximately 100–200 cm−3) were clearly as-
sociated with Southern air masses, whereas the lowest ones
(approximately 20 cm−3) were observed in Arctic air masses.
In general, marine air masses (Arctic, Western) arriving at
Sammaltunturi resulted in lower values of Nc compared with
continental air masses. However, there was also a differ-

Figure 6. Hourly cloud droplet number concentration (Nc) versus
the different potential emission sensitivity (PES) fraction for the
Arctic region. The shaded area represents the corresponding stan-
dard deviations.

ence (by a factor of approximately 2) between marine air
masses: Nc values in air masses traveling over the Atlantic
Ocean or the Norwegian Sea were higher than those in air
masses arriving from the Arctic Sea. For aerosol populations,
higher values of NCCN are expected in more polluted air
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masses (Southern and Eastern air masses, due to emissions
from Europe and the Kola Peninsula) (Virkkula et al., 1997;
Jaatinen et al., 2014; Sipilä et al., 2021). Averaged tem-
peratures 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 differ-
ent supersaturations were not conducted.

For a PES fraction between 70 % and 80 %, the impact of
the air mass type on the Nc changed as the differences in
Nc were less than for PES > 80 %. Clouds that were associ-
ated with Southern air masses had slightly higher values of
Nc (approximately 60–80 cm−3) in comparison with clouds
from the other regions (approximately 20–60 cm−3). As a
result, for further analysis in this work, we decided to ex-
clude measurements that were performed when the PES frac-
tion 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 re-
gion as a criterion for further analysis left 492 h of in-cloud
measurements with the CAS and 214 h of in-cloud measure-
ments with the FSSP probe (from a total of 2004 h of in situ
cloud data, 706 h belongs to non-mixed air mass origin), re-
spectively, which ensured statistically robust results. Cloud
observation related to Arctic, Eastern, Southern, Western and
Local air masses were 118, 275, 152, 118 and 43 h, respec-
tively. The observation hours related to each region for each
PaCE are presented in Table S2 of the Supplement. Clouds
that were related with local air masses were excluded due to
a 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 re-
gion 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., 2011).

3.3 Effect of the air mass origin on the cloud droplet size

In this section, we focused on investigating the size distri-
bution 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 Nc and sizes of the cloud droplets. To
achieve a generalization, size distributions of cloud droplets
related to each air mass origin for all PaCE campaigns are
presented in Fig. 8. Cloud droplet size distributions originat-

ing from marine regions (Arctic, Western) had a relatively
broad shape with the presence of large (10–20 µm) droplets,
whereas in continental air masses there was a clear absence
of large cloud droplets. In general, the average size distri-
bution 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 µm 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 cloud droplets mainly in the range
from 5 to 10 µm. Values of Nc 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 et al., 2005; Freud et al., 2008;
Goren and Rosenfeld, 2014). In general, in a cloud system, it
is expected that for a relatively constant LWC, the effective
diameter of cloud droplets decreases as their number concen-
tration increases.

We also investigated whether sizes of cloud droplets de-
pend on the air temperature. For that reason, temperature bins
of 4 ◦C range were created. Thus, the measurements were
grouped into temperature bins of −10 to −6, −6 to −2, −2
to 2 and 2 to 6 ◦C. The mid-temperature value of each bin
was used to create Fig. 9 which shows that cloud droplets
appeared to be more prone to growing 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 to be warm clouds; however those at
warmer air temperatures seem to consist of larger droplets.
Both MVD and ED showed a similar behavior. When the
clouds were characterized by Arctic air masses, MVD and
ED were approximately 15 µm within our temperature spec-
trum. The decrease of particle size for the “Arctic” subsam-
ple in the FSSP data above 0 ◦C was due to the relatively
low number of observations in this temperature range (2 h
of observation). The observation hours related to each tem-
perature bin for each PaCE are presented in Table S3. For
clouds related to Eastern air masses, MVD and ED were ap-
proximately 9 µm when the temperature was below 0 ◦C and
showed approximately 6 µm larger hydrometeors in warmer
clouds (above 0 ◦C). However, more observations from exist-
ing and wider temperature ranges are needed to statistically
ensure those results.

The LWC of low-level clouds for the different air mass
types is summarized for each PaCE campaign (Fig. 10a).
The Arctic air masses were related to the lowest values
of LWC (approximately 0.025 g m−3), whereas the South-
ern air masses were related to the highest values of LWC
(> 0.05 g m−3). Western and Eastern air masses were related
to LWC values of approximately 0.025 to 0.05 g m−3. In this
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Figure 7. Cloud droplet number concentration (Nc) for each region and single PaCE campaign measured by the cloud and aerosol spectrom-
eter (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.

Figure 8. Cloud droplet size distribution associated with the (a) Arctic, (b) Western, (c) Southern and (d) Eastern region measured by the
cloud and aerosol spectrometer (CAS) and the forward-scattering spectrometer probe (FSSP) during all PaCEs.
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Figure 9. Hourly averages of median volume diameter (MVD) and effective diameter (ED) values versus temperature for all PaCE campaigns
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.

study, the LWC of continental air masses was, on average,
larger than that of marine air masses. This is also reflected
in the higher Nc of continental air masses (Fig. 7), as LWC
is a function of both Nc and the size of cloud droplets. In
Fig. 10b, 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 MVD ranged from ∼ 9
to 19 µm. MVD was larger for higher values of LWC and de-
creased with an increasing cloud droplet number concentra-
tion for each LWC category. The LWC values of the clouds
we sampled (∼ 0.03 g m−3 for marine and ∼ 0.06 g m−3 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;
Dionne et al., 2020).

3.4 Influence of the vertical position of the probe on the
derived parameters

In this section, we focus on investigating how the derived
parameters change with changes in the vertical position (alti-
tude) of the sampling probe, H (m) (e.g., Martins et al., 2011;
MacDonald et al., 2018; Alexandrov et al., 2020). Under the-
oretical 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 tempera-

ture and pressure at cloud base (Brenguier, 1991). Nc is con-
stant 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 expecta-
tion 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 con-
dition, particularly towards the cloud top (Pawlowska et
al., 2006). As already discussed in Sect. 2.2, both ground-
based spectrometers were fixed in one vertical position.
Thus, there were cases that we sampled with different lay-
ers of a cloud in a range of 120 m from the cloud base. The
ground-based spectrometers were placed at the Sammaltun-
turi, 210 m above the ceilometer (installed at the Kenttärova
site). Kenttärova is located 4.3 km to the east of the hilltop
station, Sammaltunturi. Since the Sammaltunturi station is
on the 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 resolu-
tion in estimation of the cloud base was 30 m.

In Fig. 11, a statistical description of MVD is presented,
derived from both cloud spectrometers at five different alti-
tudes above cloud base. The distance of the cloud spectrome-
ter was relative to the cloud base. From this analysis, it is ap-
parent that there was no strong dependency between the ver-
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Figure 10. (a) Statistical description of liquid water content (LWC) for each region measured by the cloud and aerosol spectrometer (CAS)
and the forward-scattering spectrometer probe (FSSP) where PES was within one region > 80 %. (b) Median volume diameter (MVD) as
a function of total cloud droplet number concentration (Nc) for three different categories of LWC. Each point represents a single PaCE
campaign for different regions.

Figure 11. Statistical description of hourly averages of median vol-
ume diameter (MVD) measured by the cloud and aerosol spectrom-
eter (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 measured at
the Kenttärova station.

tical position of CAS and FSSP in the cloud and the derived
sizing parameters. It is expected that number concentration
provides a robust signal and can clearly be linked to air mass
origin, whereas MVD and ED have some extra uncertainties
depending on the altitude with respect to cloud base.

4 Summary and conclusions

Our main goal during this work was to quantify the ef-
fect of air mass origin on cloud microphysical properties in
a clean subarctic environment. Thus, the impact of differ-
ent air masses on cloud properties in the subarctic Finland
was investigated based on data from eight Pallas Cloud Ex-
periments (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 source classification, the FLEX-
PART 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 East-
ern, Southern and Local sectors representing continental air
masses.

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 representative of
that air mass type. Continental air masses led to the high-
est cloud droplet number concentrations (∼ 100–200 cm−3)
and marine air masses to the lowest ones (∼ 20 cm−3). The
lowest values of cloud droplet concentration were related to
clean Arctic air masses. We observed a clear relationship
between air mass origin and cloud droplet number concen-
tration. This connection is expected to be a robust signal
as according to theoretical considerations (Brenguier 1991;
Pawlowska et al., 2006), the measurements of cloud droplet
number concentration do not depend on the vertical posi-
tion of the cloud spectrometer within the cloud layer. In
general, the median volume diameter and effective diameter
of cloud droplets were found to be influenced by the cloud
droplet number concentration: clouds associated with ma-
rine air masses had larger cloud droplets (ranging from 15
to 20 µm) in comparison with continental clouds (ranging
from 8 to 12 µm). 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 dif-
ferent air masses along with local meteorological parameters
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change the cloud microphysics and to what scale. Further-
more, there was an indication that cloud droplets in clouds
in warmer air (from −2 to 6 ◦C) were more prone to grow-
ing. However, all-year-round in situ cloud measurements in
the area are of high importance to confirm such temperature
dependency of droplet sizes. Specifically, a large dataset con-
taining a wider temperature range needs to be obtained.

Data availability. The cloud probes and meteorological
data used here are available in the Finnish Meteorolog-
ical Institute (FMI) open data repository for each cam-
paign and each cloud spectrometer ground setup individ-
ually (Doulgeris et al., 2021: https://doi.org/10.23728/fmi-
b2share.988739d21b824c709084e88ed6c6d54b, Doulgeris et al.,
2022: https://doi.org/10.5194/essd-14-637-2022). The FLEXPART
simulations and the ceilometer dataset are available upon request to
the corresponding author (konstantinos.doulgeris@fmi.fi).
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