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S1 Modelling framework of UCLALES-SALSA

UCLALES-SALSA uses common bin microphysics based on dry particle size. This means that the formation of cloud droplets
is tracked on the basis of the aerosol size distribution referred to the dry state. For each dry size bin, the model calculates the
wet size and with that, the fraction of activated and non-activated particles. The sectional representation of cloud droplet size
distribution is set to have the same bin limiting values within the common size range with respect to the aerosol size distribution
(Tonttila et al., 2017). When the wet diameter of liquid droplets overpasses a limiting value of 20 pm, the droplet is moved to
the proper size bin in the sectional scheme for precipitation droplets. In a similar way, when the ice particle size overpasses a
spherical equivalent diameter of 2 pm, it is moved to the correspondent size bin in the sectional scheme for ice particles. Size
distributions are built using volume ratio discretization (Jacobson, 2005). Figure S1 describes the relationships between the
schemes used for aerosol and hydrometeors. Whilst aerosol and cloud droplets have parallel size bins, precipitation droplets
and ice particles have their own scheme. In this study, our bin scheme includes 18 size bins in two mixing states for aerosol
particles (i.e. regime A and regime B), 15 size bins for cloud droplets generated from each aerosol regime, 20 size bins for
drizzle/rain droplets and 20 size bins for ice particles.
Table S1 describes the modelling framework used by UCLALES-SALSA to represent aerosol-hydrometeors interactions.

Table S1. Modelling framework of microphysical processes in UCLALES-SALSA

Process Description Modelling technique Reference
Nucleation™ Aerosol formation Activation-type nucleation Kokkola et al. (2008)
above critical nuclei diameter
Condensation Water condensation on activated droplets Analytical predictor of Kokkola et al. (2008)
Condensation of aerosol gas precursors condensation scheme based on Jacobson (2005)
Coagulation Brownian coagulation Semi-implicit method Tonttila et al. (2017)

(collision-coalescence)

Hydration
Droplet activation
or deactivation
Autoconversion
Accretion
Aerosol
scavenging

Precipitation

Ice formation

Convective enhanced Brownian coagulation

Gravitational collection
Aerosol water uptake
Formation of cloud droplet
or formation of interstitial aerosol

Formation of precipitation droplets
by cloud droplet interaction

Growth of precipitation droplets
by collection of cloud droplets

Collection of aerosol particles
by cloud and precipitation droplets

Sedimentation of
precipitation droplets

Immersion freezing of supercooled cloud
droplets containing insoluble core

Homogeneous freezing of supercooled
droplets with or without insoluble core

Deposition freezing on dry insoluble
aerosol particles

Contact freezing

Zdanovskii-Stokes-Robinson rule
Activation if droplet is above critical size
Deactivation

Treated as coagulation after
cloud droplet collision

Treated as coagulation by
gravitational collection

Treated as coagulation after
particle-droplet collision

Gravitational settling as
defined by terminal velocity

Ice germ formation from liquid
on insoluble solid substrate

Homogeneous ice nucleation
atT<-30°C

Ice germ formation from vapor
on insoluble solid substrate

Treated as immersion freezing
after particle-droplet collision

based on Jacobson (2005)

Stokes and Robinson (1966)

Tonttila et al. (2017)

Tonttila et al. (2021)

based on Jacobson (2005)

Tonttila et al. (2021)
based on Jacobson (2005)

Tonttila et al. (2017)
based on Jacobson (2005)

Tonttila et al. (2017)
Abhola et al. (2020)
based on
Khvorostyanov and Sassen (1998)
Khvorostyanov and Curry (2000)
Hoose et al. (2010)

Hoose et al. (2010)

# Not used in this study, but available in the model
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Figure S1. Bin scheme of UCLALES-SALSA for aerosol particles and hydrometeors

S2 Instrumentation used during the Puijo 2020 campaign

Table S2 summarizes details of the instrumentation used during the Puijo campaign 2020 to measure aerosol and droplet
properties, as well as meteorological variables that are relevant to this study.

S3 Description of cloud cases

Statistical parameters for meteorological variables and cloud properties are summarized in Table S3.

S4 Aerosol properties

Observations of aerosol composition during the Puijo 2020 campaign were carried out with an Aerosol Chemical Speciation
monitor (ACSM) described by Acs etal. (1991) that measures bulk mass of chemical species in PM1, and also with an Aerodyne
high-resolution aerosol time-of-flight mass spectrometer (HR-ToF-AMS) described by DeCarlo et al. (2006), hereafter referred
as AMS, that measures size-segregated concentrations for particles with sizes ranging from 40 nm to 1 pum. Both instruments
monitored the presence of sulfate, organic carbon, nitrate and ammonium in aerosol particles. Number and mass concentrations
are reported in Table S4. During the campaign, ACSM was positioned in the Puijo station, at the top of the tower. It measured
the aerosol samples from the total inlet line every twenty minutes. The AMS was located at ground level, c.a. 224 m below
the Puijo station. The small difference in altitude between the ACSM and AMS sampling points leads us to assumed that
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Table S3. Cloud properties and meteorological parameters during selected cloud events measured at the Puijo top monitoring site. Values are
reported as arithmetic mean, [25“‘, 50% 75 th] percentiles, (number of observations)

Cloud event 24 September 2020 31 October 2020
Cloud properties
Time, UTC+02:00 07:54 - 12:49 00:35 - 06:35
Duration (h) 4.9 6.0
Number of cloud layers 1 1
Water phases Liquid Liquid, solid
b Retrieved cloud base height [m] 63, [30, 60, 90], (296), 122,[90,120,150], (326)"
¢ Retrieved cloud top height [m] 260, [153, 302, 343], (6436) 457,[435,460,486], (5588)
Meteorological conditions (based on 1-min average values)
Temperature [K] 283.55,[283.25,283.35,283.95], (295)  270.80, ,[270.55,270.75,270.95], (326)
Relative humidity [%] 95.8,[95.2,96.0,96.7], (295) 94.3,193.3,94.2,95.2], (326)
Wind speed [ms™] 6.3,[5.8,6.3,6.71, (295) 3.4,,[3.8,3.9,4.0], (326)
Wind direction [degrees] 178.2,[172.6,176.8,182.5], (295) 183.4,[128.2,317.0,359.8], (326)
VISI [m] 57,[44,48,53], (295) 125 ,[100,112,136], (426)

2 Halo Doppler lidar P Ceilometer, © Cloud radar

Table S4. Aerosol properties during selected cloud events measured at the Puijo top monitoring site. Values are reported as arithmetic mean,
[25“‘, 50" 75 lh] percentiles. Niot, Nace and Na,ji¢ are aerosol number concentrations in the total size range from 27 nm to 1000 nm, in the
accumulation mode from 100 nm to 1000 nm and in the Aitken mode from 25 nm to 100 nm, respectively. CDNC represents droplet number
concentration retrieved from Twin-inlet DMPS system measurements

Cloud event 24 September 2020 31 October 2020
Aerosol size distribution®
Number of measurements 5 8
Niot [cm ™3] 2042, 1932, 2093, 2119] 201, [76, 135, 282]
Nait [em ™3] 633, [564,626,6951,(5) 108, [32,64,142],(8)
Nace [em™3] 1347, [1310,1343,1376] 86, [43,69,131]
Nace/Niot 0.66, [0.64,0.67,0.68] 0.49, [0.44,0.53,0.55]
Nait/Nace 0.47,[0.43,0.44,0.52] 1.05,[0.79,0.83,1.2]
CDNC f[em ™3] 687, [611,728,797] 103, [44,73,146]
Dso [um ] 0.167, [0.156,0.158,0.173]  0.097, [0.092, 0.096,0.104]
Na/Niot 0.34, [0.29,0.38,0.40] 0.54,[0.51,0.55,0.58]
Aerosol composition®
PM; pgm™> 13.7,[12.7,13.1,14.5], (14) 1.4,[1.0,1.4,1.8], (6)
PM;-organic carbon p g m~3 7.5,[7.1,7.4,7.7], (14) 0.2,10.1, 0.2, 0.3], (6)
PM, -sulphate g m > 3.9,(3.5,3.7,3.9], (14) 0.8, [0.7, 0.8, 1.0], (6)
PM -nitrate g m ™3 0.8, 0.7, 0.7, 0.8], (14) 0.06, [0.05, 0.07, 0.08], (6)
PM,-ammonium g gm > 1.6, [1.2,1.6,2.0], (14) 0.4, [0.1, 0.3, 0.6], (6)

¢ Twin-inlet differential mobility particle sizer, total inlet! calculated as the concentration difference
between the total and interstitial lines (Portin et al., 2014)
& Aerosol Chemical Speciation Monitor (ACSM)

measurements are originated from the same air parcel, i.e. mass size distributions derived from AMS are representative of

30 observations at the Puijo station.
As concentrations of sulfate and organic carbon were significantly higher than those of nitrate and ammonium during
the selected cloud events, we assumed that aerosol particles contain just sulfate and organic carbon with densities equal to
1830 kg m~—2 (Kokkola et al., 2008) and 1320 kg m~3 , respectively. Properties for organic carbon were assumed to be similar
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to those of monosaccharide derivatives from the pyrolysis of cellulose and common tracers of biomass burning emissions such
as levoglucosan, mannosan and galactosan, a polymeric form of galactose (Simoneit et al., 1999; Parshintsev et al., 2017) with
molar mass values of 162.1406 g mol~', 180.14 gmol~' and 180.1559 g mol~! and density values as pure solid species of
1630kgm =3, 1700 kgm~2 and 1500 kg m~3 , respectively (Linstrom and Eds., 2017; Royal Society of Chemistry, 2015).
Similar properties correspond to tracers of biogenic organic emissions such as glucose, arabitol and mannitol (Samaké et al.,
2019) with molar mass values of 180.1559 gmol~!, 152.1458 gmol~! and 182.1718 gmol~! and density as pure solids of
1600kgm~—2 , 1500 kg m~3 and 1520 kgm~—2 , respectively (Linstrom and Eds., 2017; Royal Society of Chemistry, 2015).
Dust grain density values range between 2100 kg m 2 and 2690 kg m 3 (Rocha-Lima et al., 2018), but a value of 2650 kg m 3
is typically used to parameterize dust properties in modelling frameworks (Mahowald et al., 2014; Rocha-Lima et al., 2018).
Dust composition in highly variable but comprises minerales such as hematite, kaolinite, illite montmorillonite, quartz and
calcite (Balkanski et al., 2007).

UCLALES-SALSA can represent an externally mixed aerosol population composed of two different particle regimes.
Aerosol properties for each regime are initialized using the number size distribution and the chemical composition in vol-
ume fraction, as it is assumed that all particles in a single regime have the same composition with a particle density that is
equal to the material density. Following the definition of material density, it is assumed that there is no void space or change in
particle volume upon mixing of aerosol constituent. Thus, each compound adds to the total particle volume a volume equal to
its volume as “’pure” species (DeCarlo et al., 2004; Hu et al., 2012). The material density can be calculated in different forms
depending on the data that is available, in our case if we used observations of the ACSM monitor, the material density is given
as
pm = A (1)

?

Pi

where w; is the bulk mass concentration of species 7 for aerosol particles with mobility diameter below 1 um or PM; as
measured by the ACSM monitor and p; is the density of species ¢ in solid state.
This material density can be later used to calculate the volumetric fraction of species ¢ in every aerosol particle ¢; as

Pm  W;
§i = .
ZT; w; P4

However, when the aerosol composition can be retrieved from both, AMS and ACSM measurements, we must iterate the ¢;
values for both aerosol constituents until two conditions are satisfied. First, size-segregated mass concentrations derived from
aerosol number concentrations obtained with the DMPS monitor must be in close agreement to average values for the cloud
event measured with the AMS monitor (3a). Second, the cumulative mass in particles with mobility diameter below 1 um must
be close to the bulk mass in PM; measured by the ACSM (3b). These conditions can be expressed as

2

™
w; ams (D) = Pi¢ing’nn(Dm)dDm (3a)
and
lum lum
i -
Wi acsm = /wi (Dp)dD,, = /pi@ngnn(Dm)dDm (3b)

where D,, is the particle mobility diameter, n (D, ) and w; ams (Dyy,) are the number concentration and the mass concentration
of species % in aerosol particle with mobility diameter equal to D,,, and W; acsm is the mass concentration of species % in
particles with mobility diameter below 1 um. It is important to highlight that AMS-size distributions were transformed from
vacuum aerodynamic diameter to mobility diameter by means of the estimated material density assuming that particles are
spherical after disregarding slip correction factors.

The calculation of the dry-volume based composition changes if we assume that the aerosol population is externally mixed
with particles existing in two different mixing states, A and B, both with the same size-segregated number concentration
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obtained from DMPS measurements. In this case, we must also iterate the fraction of particles existing in each regime, as well
as the volumetric fraction of aerosol constituents in each one of them until the restrictions in total number concentrations and
total mass concentration are satisfied as follows

v iy
wiants (D) = Fa (pii,a g Diyn (D) dDyn ) + Fis (pichs g Dy (D)D) (42)
lum lpm
W, - F(-zzD?’DdD b D3 n(D,,)dD
i,ACSM — A pz¢z,A6 mn( m) m | + FB Pz¢z,36 mn( m) m (4b)
and
Fo+Fp=1, (4¢)

where F4 and Fp are the fraction of the total number of aerosol particles in regimes A and B, while ¢; 4 and ¢; p represent
the volumetric fraction of species ¢ in regimes A and B, respectively.

To assess the effect of the aerosol mixing state in our simulations for case 1, we used two different settings of aerosol prop-
erties. In the first, we studied an internally mixed aerosol population that was initialized with volumetric fraction values of
74.5% v/v and 25.5 % v/v for organic carbon and sulfate, respectively. In the second scenario, we switched to an externally
mixed aerosol population composed by two regimes, regime A representing 66.7% of the total number of aerosol particles,
and regime B representing the remaining 33.3%. Aerosol particles in regime A were composed of 65% v/v organic carbon
and 35%v/v sulfate; while those in regime C contained 97% v/v organic carbon and 3%v/v sulfate. We show estimated con-
centrations per event hour as well as the average for the whole event. The fraction of the total number of aerosol particles in
each regime was iterated after there was a close agreement for sulphate concentrations (i.e. the dashed-line representing the
average-model-mass-size distribution and the continuous line representing the hourly-average mass size distribution found by
AMS observations). As it can be noticed in Figure S2 and Figure S3 sulfate concentrations from observations match closely
average estimated values, while organic carbon concentrations behave in the opposite way. It was very difficult to find perfect
agreements for both chemical species. Convergence criteria for iterations used sulfate, the most hygroscopic compound, since
it must have the strongest influence on cloud droplet activation and droplet growth. Total mass concentrations of sulfate and
organic carbon used in both simulations are equivalent between them.

Aerosol mass concentrations assuming internally mixed particles
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Figure S2. Comparison of size segregated aerosol mass concentrations used in simulation initialized with an internally mixed aerosol popu-
lation for the cloud event of 24 September 2020
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Aerosol mass concentrations assuming externally mixed particles
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Figure S3. Comparison of size segregated aerosol mass concentrations used in simulation initialized with an externally mixed aerosol
population for the cloud event of 24 September 2020

Similar calculations were performed to find the aerosol composition in Case 2. For our simulations in level 4 (liquid droplets)
we used a dry volume-based composition of 88%v/v organic carbon and 12% v/v sulfate, both with the same shape of the
aerosol size distribution. The simulation in level 5 that includes ice formation was performed with an externally mixed aerosol
population where 85% of the total aerosol loading was in regime A with 88%v/v organic carbon and 12% v/v sulfate; and the
remaining 15% of the total aerosol number concentration was in regime B with a composition equal to 90.5% v/v sulfate and
9.5%v/v dust. The percentage of particles and composition of regime B was chosen to give the best representation of observed
droplet size distributions among different simulation scenarios.
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Figure S4. Variability of stratocumulus-capped boundary layer properties during the cloud case 1 as modelled by UCLALES-SALSA across
lateral surfaces of model domain as well as the horizontal plane at 225 m of altitude corresponding to Puijo top monitoring site. Color scales
reflect 1-minute values of a) vertical wind velocity b) supersaturation c) cloud droplet number concentration d) count median wet diameter
of cloud droplets



S5 Variability of cloud properties and cloud radar observations
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Figure S5. Cloud top retrieved from observations of the millimeter-wave cloud radar located at the Savilahti station for the diurnal cloud
case of 24 September 2020
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Figure S6. Cloud top retrieved from observations of the millimeter-wave cloud radar located at the Savilahti station for the nocturnal cloud
case of 31 October 2020



105 S6 Temperature and net radiative flux profiles

Stratocumulus capped boundary layers have two distinctive features that correlate to each other, the convective instability

driven by cloud top longwave radiative cooling and the temperature inversion immediately above cloud top that is maintained

by the former (Wood, 2012). The strength and temporal variation of the inversion temperature can be seen in Figure S7.1 for

Case 1, and in Figure S8.1 for Case 2. Time series of 1-min resolution and probability distributions of cloud top radiative
110 cooling rates simulated with UCLALES-SALSA are shown in Figure S9 for Case 1 and in Figure S10 for Case 2.
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Figure S7. Vertical profiles of temperature and net radiation flux calculated by UCLALES-SALSA for the diurnal cloud case of 24 September
2020
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Figure S8. Vertical profiles of temperature and net radiation flux calculated by UCLALES-SALSA for the nocturnal cloud case of 31 October
2020
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Figure S9. Cloud top radiative cooling calculated by UCLALES-SALSA for the diurnal cloud case of 24 September 2020. Left panels:
1-min time series. Right panels: probability distribution for the event.
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Figure S10. Cloud top radiative cooling calculated by UCLALES-SALSA for the nocturnal cloud case of 31 October 2020. Left panels:
1-min time series. Right panels: probability distribution for the event.
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S7 Vertical wind distribution

The intensity of turbulence was characterized by the variance of the distribution of vertical wind velocity calculated for hourly

intervals as

Yy (w—w)? 5
N 5)

where w is the vertical wind velocity at every grid point of the horizontal domain at an specific altitude z, w is the mean value

of the vertical wind for all N values in the hourly interval.

Figure S11 and Figure S12 compile distributions of the vertical wind velocity modeled with UCLALES-SALSA and re-
trieved from observations of the Halo Doppler lidar at altitudes equivalent to the cloud base for each studied case. The degree
of modelling closure is proportional to the overlapping area between histograms as it represents the amount of information
shared by model-based and observation-based distributions.

The overlapping index (OVL) between two different probability distributions describing the behaviour of the same variable
x is defined as

OVL = /mzn [fl (I) Jf2 (I)] dx = Zmln [pl (1:) y D2 (‘T)] ) ©)

where « is the studied variable, in our case, the vertical wind velocity, f1 (x) and fs (x) are the probability density functions
(pdf) and p; (z) and ps () are probability distributions of the vertical wind velocity based on observations and modeled by
UCLALES-SALSA, respectively (Inman and Bradley Jr., 1989).

During case 1 the modeled standard deviation of the vertical wind at cloud base increases along hourly intervals when solar
radiation strengthens positive buoyancy caused by surface fluxes. During case 2, there are no significant changes in the modeled
standard deviation of the vertical wind at cloud base, since the turbulence intensity in nocturnal cloud is controlled by cloud-top
processes. In both cases, there is a good agreement between model results and observations despite the fact that values of cloud
base height were close to the minimum altitude that can be scanned effectively by the lidar, approximately 100 m, the radar is
87 m above ground level and the vertical resolution is 30 m, approximately (Hirsikko et al., 2014).
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Figure S11. Histograms of vertical wind velocity observed with the Halo Doppler lidar and calculated with UCLALES-SALSA during
hourly periods of Case 1 24 September 2020
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Figure S12. Histograms of vertical wind velocity observed with the Halo Doppler lidar and calculated with UCLALES-SALSA during
hourly periods of Case 2, 31 October 2020

The modelling closure for vertical wind velocities along the cloud domain was based on observations of the cloud radar.
Unlike Doppler lidars, cloud radars operate in the Rayleigh regime and their signals are more sensitive to larger droplets, e.g.
cloud droplets with diameters between 10 um to 100 um give significantly lower signals compared to precipitation droplets or
ice particles on the size range of 100 pm to 10 mm (Biihl et al., 2015). Due to the longer operating wavelength than used in
lidars, cloud radars penetrate efficiently through cloud providing information from different cloud layers.

Model outputs for vertical wind are compared to cloud radar observations for hour-long periods in Figure S13, and in
Figure S14 and Figure S15 at different altitudes ranging from cloud base height and cloud top height, respectively. Every
panel in these figures shows the calculated standard deviation of the vertical wind from both, observations and model results,
as well as the corresponding overlapping index to measure the degree of similarity between them. Frequencies of updraft and
downdrafts wind calculated by UCLALES-SALSA are in good agreement with radar observations in terms of maximum values,
variance and skewness of the wind distributions. The event-average overlapping index is 0.8620 & 0.06 which indicates a strong
similarity between distribution, and therefore, a good degree of modelling closure. This is an essential requisite to guarantee
that modeled supersaturation values inside the cloud domain are representative of real in-cloud conditions. By comparison of
panels in Figure S14 and Figure S15 we can notice that during the diurnal cloud event maximum updraft velocities are below
Ims~! and also that the frequencies for updrafts velocities decrease from cloud base to cloud top. Distributions become
narrower at higher altitudes indicating weaker turbulence at upper cloud sections compared to the lower half of the cloud. This
suggests that surface fluxes of heat and moisture are driving the turbulence structure inside the cloud. Distributions become
broader at all altitudes as the time passes indicating that the intensity of turbulence increases along the cloud domain.

Distributions of vertical wind during the nocturnal cloud event of 31 October 2020 are shown in Figure S16 and Figure
S17 for a range of altitudes between cloud base and cloud top. Updraft winds are weaker compared to those observed during
the diurnal cloud event and are in the order of 0.6 ms~'. During the first three hours of the cloud event, the distributions of
the modeled vertical wind agree reasonably well to observations in terms of frequency, variance and skewness at all altitudes.
Drizzle formation and the occurrence of precipitation during the cloud event produce negatively skewed distributions in his-
tograms of model outputs and observations. During precipitation the cloud radar signal is mainly dominated by larger falling
hydrometeors (Biihl et al., 2015) becoming blind to small droplets carried up during updrafts. This explains why the right sides
of calculated and observed histograms do not match as they did previously. The model tends to overestimate the updraft wind
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frequencies at the upper section of the cloud after the second hour because modelled velocities represent the air motion and
do not consider directly the bulk sedimentation velocity of drizzle droplets, while radar velocities represent the vector sum
of the air velocity and the reflectivity weighted settling velocity of all hydrometeors contained in the sampling volume. More
information is included in Section I of this document. We have omitted the information about the overlapping index because
it is not correct to compare different variables, so the degree of modelling closure is reported later in Section I in relation to
distributions of the radar velocity.
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Figure S13. Hourly-average probability distribution of the vertical wind along the cloud domain observed with the cloud radar (Hydra-W
radar) and calculated with UCLALES-SALSA for the diurnal cloud event on 24 September 2020
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Figure S14. Probability distributions of vertical wind velocity observed with the cloud radar (Hydra-W radar) and calculated with
UCLALES-SALSA for the diurnal cloud event on 24 September 2020 at the lower half of the cloud
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Figure S15. Probability distributions of vertical wind velocity observed with the cloud radar (Hydra-W radar) and calculated with
UCLALES-SALSA for the diurnal cloud event on 24 September 2020 at the upper half of the cloud
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Figure S16. Probability distributions of vertical wind velocity observed with the cloud radar (Hydra-W radar) and calculated with
UCLALES-SALSA for the nocturnal cloud event on 31 October 2020 at the lower section of the cloud
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Figure S17. Probability distributions of vertical wind velocity observed with the cloud radar (Hydra-W radar) and calculated with
UCLALES-SALSA for the nocturnal cloud event on 31 October 2020 at the upper section of the cloud

S8 Cloud droplet activation and activation efficiency curves

The number concentration of activated droplets is experimentally measured as the difference between droplet number con-
centrations measured in the total and interstitial lines of the Twin-inlet differential mobility particle sizer system (Twin-inlet
DMPS system). Cutoff diameter in the total inlet is ca. 40 um which guarantees that the droplet number concentrations account
for cloud droplets and also non-activated or interstitial aerosol particles. Since the interstitial inlet is equipped with a PM; im-
pactor which allows to collect just non-activated aerosol particles, the activated fraction can be calculated as the ratio between
number concentration of activated droplets and total droplet number concentrations for a certain dry particle size. More details
about this sampling system can be found in literature (Portin et al., 2009, 2014).

In resemblance to experiments, number concentrations of activated droplets per size bin per altitude are calculated from
model outputs in a two-step procedure. First, we calculate total number concentration of droplets with wet diameter below or
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equal to 40 um in size bin ¢ as
NtOt j2Xa) z,t ZZNCba ;DlZ x,y,t) (chba(Dp,hZ,x,yyt)§40Hm)+
Zszba (Dp,i727xayat) (prba (Dp,i,Z,xay,t) S 40,um), (7)

where D), ; is the dry particle mean diameter of size bin ¢, N¢p, and Ny, are binned number concentration of cloud droplets
and precipitation droplets, and D, ¢pq and D,,pp, represent the wet diameter of cloud droplets and precipitation droplets, all of
them referred to the dry size bin 4. The inequality (Duycbe (Dp,i,2,%,y,t) < 40pm) is an opposite binary variable that changes
between one and zero if the condition is satisfied. Here, we have kept the variable nomenclature used in UCLALES-SALSA to
facilitate the connection to current/future users of the model.

The number of non-activated particles or interstitial particles in the size bin ¢ is then calculated as

Nint pzaz t ZZNcba pzz z y,t) (chba (Dp,f,,Z,%y,t) < 1,LLH1)—|-
ZZpra (Dp,ivzaxvyvt) (prba (Dp,ivzaxayat) S ].ILLIII) . (8)

The number of activated droplets at altitude z in size bin i is then calculated as
Nact (Dp,i7z7t) = Ntot (Dp,i7z7t) - Nint (DpJ?Z?t) . (9)

The number of activated droplets is graphically depicted as the difference between blue and red areas in Figure S18 for
Case 1 and Figure S19 for Case 2. Model-based number concentrations for total aerosol and interstitial aerosol are in good
agreement with those measured with the Twin-inlet DMPS system as it is evidenced by overlapping indexes values above 0.82
in all cases. The modelling closure for Case 2 is not as optimal as it was for Case 1, especially at the last 3 hours of the cloud
event. The best agreement was found for the simulation performed with 40% reduction in the initial aerosol loading including
ice-related processes. In this case, the model could follow nicely the trend in the accumulation mode but overestimate number
concentrations of the Aitken mode, almost immediately after the first hour. Possible causes of these biases could be related to
underestimation of in-cloud scavenging rates during drizzle/ice formation, but also to experimental uncertainties since aerosol
number concentrations are very low and close to detection limits of instruments.

Once, the number of activated droplet is calculated, it is possible to determine the activated fraction of aerosol particles at
altitude z in size bin ¢ as

Nact (Dp,iazvt)

) (10)
Ntot (Dp,hzat)

fact( p,uz t)

CCN activation efficiency curves from experimental observations and model results are then represented using the cumu-
lative sum of f,. as a function of dry particle diameter (Portin et al., 2014). We include here in Figure S20 the comparison
between observation-based activation efficiency curves for Case 1 and those retrieved from model outputs in grid points with
updrafts or downdraft. For Case 2, Figure S21 compares activation efficiency curves for the different simulation scenarios.

The effective supersaturation SS.¢ for droplet activation at equilibrium conditions given was calculated according to the k-
Kohler model of Petters and Kreidenweis (2007) using average Ds, values from observations and model outputs with a volume
fraction weighted average x-value based on the observed aerosol composition as follows

3
4 AMyow
RTpw

—1 | x 100 11
2TD3 K S (11)
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Figure S18. Aerosol size distributions measured with the Twin-inlet DMPS system at the Puijo station compared to simulation outputs from
UCLALES-SALSA for Case 1 24 September 2020 initialized with an internally mixed aerosol population of dry particles containing 74.5 %

v/v organic carbon and 25.5 %v/v sulfate 2020
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Figure S19. Aerosol size distributions measured with the Twin-inlet DMPS system at the Puijo station compared to simulation outputs from
UCLALES-SALSA for Case 2 31 October 2020 initialized with an internally mixed aerosol population of dry particles containing 88 % v/v
organic carbon and 12 %v/v sulfate with 40% reduction in the initial aerosol loading without consideration of ice formation (UCLALES-
SALSA Level 4)
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Figure S20. Variability induced by vertical wind in activation efficiency curves for hourly intervals of the cloud event of Case 1 24 September
2020. Observation-based curves are compared to model-based curves in grid points with updrafts or downdrafts at Puijo altitude
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Figure S21. Variability of activation efficiency curves in hourly intervals of the cloud event of Case 2 31 October 2020. Observation-
based curves are compared to model-based curves from three different simulations scenarios: UCLALES-SALSA Level 4 no ice formation,
UCLALES-SALSA Level 4 no ice formation with 40% reduction in the aerosol loading used for model initialization, UCLALES-SALSA
Level 5 with ice formation and 40% reduction in the aerosol loading used for model initialization
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where M,,, o,, and p,, are the molecular weight of water, the surface tension and density of liquid water at absolute tem-
perature 7" and atmospheric pressure, and R is the ideal gas constant. Equation (11) is solved with hourly average values of
Dsy.

The average supersaturation at droplet activation as simulated by UCLALES-SALSA was calculated as average weighted
values of the maximum supersaturation SS;,.x observed in vertical columns of the model domain driven by updrafts weighted
by the cumulative number concentration of activated droplets Ng ¢ as follows

SSmax :L' y) o SsmaXNd,act
SSmodel - ZZ P SSmaxN (12)

,act

Equation (12) is solved along the cloud domain for hourly intervals.

S9 Model sensitivity analysis to inputs related to aerosol mixing state in simulations of Case 1

Activation efficiency curves can provide valuable information about the processes affecting the droplet formation at cloud base
and evaporation within cloud or at the cloud edges. However, in addition, the shape of activation curve is also dependent on the
size dependent aerosol hygroscopicity, and therefore of the mixing state of an aerosol population. In a single supersaturation,
populations of aerosol particles internally mixed, or existing in a single mixing state show activation curves that can be fitted
to a single sigmoid function that plateaus near one; while externally mixed aerosols with two or more mixing states show
multiple plateaus with heights less than one that can be fitted to multiple sigmoid functions, each one of them representing
the contributions of a different mixing state or the existence of non-activated aerosols such as black carbon (e.g. Anttila et al.,
2009; Anttila, 2010; Vu et al., 2019).

Since Case 1 occurred during the biomass burning plume period, it is likely to have an externally mixed aerosol population
composed of two types of particles, particles locally emitted or formed in situ, and particles from aged biomass burning
emissions transported long range. Unfortunately, measurements do not provide information on aerosol mixing state. However,
to assess the potential effect of the aerosol chemical diversity in our simulations, we compared the simulation results obtained
for an internally mixed aerosol population (74.5 %v/v of organic carbon and 12.5 % v/v of sulphate) with those for an externally
mixed aerosol population with the same aerosol number size distribution. In this scenario, 70 % of the total number of particles
are composed of 65 %v/v of organic carbon and 35 % v/v of sulphate, and the remaining 30% is composed of 97 % v/v organic
carbon and 3 %v/v sulphate, qualitatively following the earlier observations from Puijo (Viisédnen et al., 2016). Details of
aerosol composition calculations are presented in Section D of the supporting information.

The variability induced by the aerosol mixing state in model-based activation efficiency curves is shown in Figure S22.
As expected, the slopes in activation efficiency curves of the externally mixed aerosol population are less steep than those
for the internally mixed aerosol, and therefore, there is a better correspondence to the measured activation efficiency curves
for particle sizes above Dsi. However, without a better knowledge of aerosol mixing state, we can not conclude if the better
match with observed slope of activation curve is actually because of externally mixed aerosol, or if the model representation
of entrainment mixing at the cloud top could be improved. Nevertheless, there are no significant changes in D5 values neither
significant improvements in the model description of the activation of smaller particles with sizes below Ds. Vertical profiles
of average total droplet number concentrations show a slight decrease of 5-8 % when the simulation is initialized with an
externally mixed aerosol population. Changes in droplet size distributions are negligible as discussed later in Figure S23.

S10 Cloud microphysics and derived quantities

Droplet size distributions at the Puijo station were measured in the size range of 3 pm—50 um with 30 bins with a fog droplet
spectrometer (FM-100, Droplet Measurement Technologies, USA) (Spiegel et al., 2012). Number concentrations and size
distributions including larger droplets and ice particles were measured with a holographic imaging system (Optical cloud
droplet and ice crystal measurement system ICEMET, icing condition evaluation method, University of Oulu, Finland) in the
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Figure S22. Model variability induced by the aerosol mixing state in activation efficiency curves at Puijo altitude of 225 m for Case 1 24
September 2020

range of 5um-200um with 195 bins (Kaikkonen et al., 2020). We used the overlapping index to measure the similarity or
agreement between the droplet size distributions calculated with the model and those observed by our instruments. Values for
Case 1 are reported directly into Figure S23, and in Table S5 for Case 2.

Overlapping index values for our studied cases indicate a moderate agreement between modeled and observed droplet size
distributions that ranges from 0.430 to 0.811. This degree of closure must be analyzed carefully since any of the instru-
ments could provide a complete scanning along the droplet size range found in our simulations (i.e. 1 um<D<2000 umm).
Observational ranges are 3 um-50 pm and 5 um-200 um for the FM-120 and the ICEMET, respectively. In case 1, where cloud
formation occurred with high aerosol loadings, droplet number concentrations in the size range between 1 pm- 5 um dominated
the droplet spectra. Since these small cloud droplets were not efficiently detected, neither by the FM-120 nor by the ICEMET,
negative biases from real concentrations were inevitable. On the contrary, during case 2, cloud formation occurred with low
aerosol loadings, larger droplets could not be efficiently accounted for in the FM-120 that was also affected by anisoaxial
conditions, and the ICEMET could not detect the largest sizes because of very low number concentrations. A more detailed
analysis of the performance of these instruments during the Puijo 2020 campaign was presented by Tiitta et al. (2022).

S11 Emulation of the radar Doppler velocity

Doppler radars detect motion by measuring the phase shift of microwaves caused by interaction with falling objects (e.g.
hydrometeors). The Doppler velocity represents the component of hydrometeor velocity in the direction of the radar beam and
therefore it is the vector sum of its settling velocity and the air velocity itself(Stull, 2017). When the sampling volume contains
a population of hydrometeors, the observed Doppler velocity corresponds to the average settling velocity of all droplets falling
through the turbulent air, and thus, represents the scattering properties of the droplet distribution (Frisch et al., 1995).

The scattering properties of the droplet distribution are expressed by the radar reflectivity n or backscattering cross section
per unit of volume. It accounts for the incremental scattering contributions of all droplets in the sampling volume assuming
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Figure S23. Variability of modeled droplet size distributions of Case 1 24 September 2020 caused by variation of the aerosol mixing state.
OVL values for the modeled distribution with the simulation scenario with internally mixed aerosol. Droplet size distributions measured with
the fog monitor (FM-120) and the holographic imaging system (ICEMET) at the Puijo station compared to model outputs from UCLALES-
SALSA.

that light extinction occurs in the Rayleigh scattering regime as follows

T [ 7D\’
n/aDdD/JGth(D)dD/W<)\)

where ) is the radar wavelength, ooy is the backscatterring cross section of a droplet and m is the complex refractive index of
water (Battan, 1973; Frisch et al., 1995).
Nevertheless, 7 is not measured directly, instead it is correlated to the radar reflectivity factor Z or its analog dBZ as follows

m2—1
m242

m2—1
m2+2

2 2
n(D)dD/wf)/\‘*;‘ Dn(D)dD, (13)

n:/%d/}:wf’xﬂmzz, (14)

where the term ™ —1/m2+2 is referred as the dielectric factor K that depends on wavelength, temperature and density in case of
ice particles (i.e. K2 = 0.93 4 0.004 for liquid water at temperature between 273 K and 293 K at the wavelength band between
3 cm and 10 cm) (Battan, 1973), and the variable Z is the radar reflectivity factor or the sixth statistical moment of the droplet
size distribution expressed as

Z:/D%(D)dD. (15)
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Figure S24. Variability of modeled droplet size distributions of Case 2 31 October 2020 caused by the reduction in the initial aerosol loading
and by the consideration of ice formation. Droplet size distributions measured with the fog monitor (FM-120) and the holographic imaging
system (ICEMET) at the Puijo station compared to model outputs from UCLALES-SALSA. OVL values for the modeled distribution from
the simulation scenario with reduced aerosol loading no ice formation

The Doppler velocity V is inferred from the relation between 1 and Z because the backscattering contribution 9m/0p depends
the hydrometeor settling velocity V. The Doppler velocity is the reflectivity-weighted velocity distribution calculated as

- an _1/ an JVi(D)7°\~*|K|* DSn(D)dD [V, (D)D%n(D)dD
/ —Lav = Vi (D) 5 5dD = KT Z = D (D)dD (16)

If there are different types of hydrometeors (i.e. cloud droplets, drizzle, ice particles) the Doppler velocity is the mean
reflectivity-weighted velocity distribution (Kollias et al., 2011) calculated as

‘/Clouchloud + VdrizzleZdrizzle + ‘/iceZice

17
choud + Zdrizzle + Zice ( )

V =

)

In this study, we knew the Doppler velocity retrieved from measurements of the cloud radar located at the Savilahti station,
our goal was to use model-based droplet number concentrations and hydrometeor sizes to emulate its value using Eq. (16).

First, we calculate the sedimentation velocity of the droplet spectrum using modeled wet size of our hydrometeors. Settling
velocities for liquid droplets were calculated via Davies number in terms of the Reynolds number (Hinds, 1999) while for ice
particles we used the shape-dependent parametrization of Khvorostyanov and Curry (2000) assuming crystals with sector-like
branches.

Then, we calculate the zero-th and sixth moments of the sedimentation velocity using number concentrations and wet sizes
of cloud droplets, drizzle and ice particles to find the radar reflectivity, Eq. (15) and the doppler velocity (16) for each type of
hydrometeors inside the cloud.
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Table S5. Overlapping indexes of observed droplet size distributions in hourly intervals during Case 2 of 31 October 2020. L4: base scenario
with no ice formation, L4: simulation scenario with 40% reduction in the aerosol loading used in model initialization without ice formation
and related processes, L5: simulation scenario with 40% reduction in the aerosol loading including ice formation and related processes.

Hour L4 L4-reduced aerosol loading  L5-ice formation

Fog monitor FM-120

1 0.351 0.222 0.222

2 0.614 0.509 0.512

3 0.585 0.490 0.503

4 0.516 0.587 0.606

5 0.558 0.639 0.659

6 0.723 0.542 0.520
Mean = standard deviation  0.558 4 0.123 0.4984+0.146 0.504+0.151

Holographic imaging system, ICEMET

1 0.706 0.594 0.594

2 0.631 0.745 0.750

3 0.626 0.699 0.712

4 0.356 0.532 0.551

5 0.418 0.633 0.653

6 0.710 0.778 0.756
Mean =+ standard deviation  0.574 £ 0.151 0.66440.094 0.66940.085

Finally, we emulate the radar velocity by adding the reflectivity weighted Doppler velocity of the hydrometeor spectrum
to the modeled vertical wind that includes turbulence effects (Frisch et al., 1995; Kollias et al., 2011). The emulated Doppler
velocity is calculated as

‘/e:V'i'wwinda (18)

where V' is given by Eq. (16) and wying is the vertical component of the wind velocity as calculated by UCLALES-SALSA.

As we did before, we used the overlapping index OVL which measures the agreement or similarity between two probability
distributions (Inman and Bradley Jr., 1989) to measure the modelling closure of the radar velocity distributions. this time, our
variable z is the radar velocity and p; () and p» (x) are probability distributions of radar velocity based on observations and
modeled by UCLALES-SALSA, respectively.
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Table S6. Overlapping indexes of the emulated and observed radar velocity distributions in hourly intervals during Case 2 of 31 October
2020. L4: base scenario with no ice formation, L4: simulation scenario with 40% reduction in the aerosol loading used in model initialization
without ice formation and related processes, L5: simulation scenario without reduction of the aerosol loading used in model initialization but
including ice formation and related processes.

Hour L4 L4-reduced aerosol loading L5-ice formation and
reduced aerosol loading
1 0.8000 0.7780 0.7262
2 0.7481 0.7915 0.9074
3 0.8467 0.9434 0.8183
4 0.7043 0.8164 0.9079
5 0.6773 0.8359 0.9247
6 0.6183 0.7984 0.8886
Mean =+ Standard deviation  0.7325 + 0.083 0.8273 £ 0.0604 0.8622 £ 0.0764
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