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HIGHLIGHTS GRAPHICAL ABSTRACT

e Scavenging caused by snow was studied
using spectrometer and disdrometer
measurements. " .

. . . Particle + hydrometeor analysis

e An effective washing of particles was T

observed during the first 30 min of

snowfall.

e An increase of aerosol concentration in
all modes was registered after snowfall.
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scavenging values were Mg?", Na* and
- s \‘ Scavenging coefficient by particle sizes
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showed high insoluble and low soluble
carbon.

ARTICLE INFO ABSTRACT

Editor: Anastasia Paschalidou The below cloud scavenging of aerosols by snow has been analysed in Leén (NW Spain). Six snow events were
registered over the course of one year of study. Ultrafine and accumulation aerosol particles were measured using

Keywords: a scanning mobility particle sizer spectrometer, while hydrometeors were characterized using a disdrometer.

Aerosol size distributions Furthermore, the chemical composition of the melted snow-water samples (soluble and insoluble fractions) was

Below cloud scavenging analysed

Disdromet ’ . - . . . .

Sé:vre(:;ii;rcoe fficient The scavenging coefficient (1) showed a great variability among events. An effective washing of particles was

Snowflakes observed during the first 30 min of snowfall. The mean change in the scavenging efficiency (%A4C) of particle

number concentration (PNC) and 4 coefficient during this time interval were: i) nucleation mode: 36.3 % and
3.02 - 10 *s7L; ii) Aitken mode: 30.4 % and 2.37 - 10 * s ! and iii) accumulation mode: 22.4 % and 1.77 - 10~*
s™L. The range of particle sizes that is less efficiently scavenged by snowfall was observed between 400 and 600
nm. When analyzing the whole snow event, an increase of PNC was observed. Two possible explanations underlie
this behaviour: it could be caused by changes in air masses or by the resuspension of aerosol particles scavenged
by snowflakes upon reaching the ground. A clear relationship was observed between Ca®*, SO~ and NO3
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concentrations of aerosol particles before the snow event and the concentrations registered in the melted snow-

water.

The largest and smallest changes in aerosol number concentrations were caused by snowflakes of 3 and 6 mm
in diameter, respectively. The particle size distributions (PSD) were fitted to log-normal distributions and the
parameters were compared before and after snowfall.

1. Introduction

Atmospheric aerosol particles influence climate inasmuch as absorb
or reflect radiation and modify cloud properties (Fuzzi et al., 2015;
Rosenfeld et al., 2014). Furthermore, aerosols influence human health
since they are related to respiratory and cardiovascular diseases
(Dockery et al., 2007; Tang et al., 2017), mainly affecting children
(UNICEF, 2016).

The dynamic of aerosol concentrations is strongly controlled by the
removal rates from the atmosphere. Wet deposition is the most impor-
tant cleansing mechanism of aerosol particles. It can be divided into
below-cloud (BCS) and in-cloud scavenging (ICS). BCS depends on the
hydrometeor size distribution and precipitation intensity. Although
several advances have been achieved in the last years, BSC is still a
challenge due to its complexity (Andronache et al., 2006; Chate et al.,
2011; Pryor et al., 2016; Zikova and Zdimal, 2016). This mechanism is
caused by several processes, such as Brownian diffusion, interception,
inertial impaction, thermophoresis, among others (Andronache et al.,
2006; Lemaitre et al., 2020).

In recent years, numerous articles about the scavenging of aerosol
particles by rain have been published (Andronache, 2003; Blanco-Alegre
et al., 2021, 2019; Slinn, 1983; Zikova and Zdimal, 2016). However,
scavenging caused by snow has been less studied (Kyro et al., 2009; Lei
and Wania, 2004; Paramonov et al., 2011; Radke et al., 1980), partic-
ularly in the south of Europe. There is a need to improve the schemes by
conducting further research on BCS caused by snow, as noted by Jones
et al. (2022). The aerosol particle size distributions during snow events
are rarely reported (Zikova and Zdimal, 2016) and unprecedented in the
Iberian Peninsula. Zikova and Zdimal (2016) found a low number of
particles in the nucleation mode during snowfall, probably related to the
scavenging caused by snowflakes and the filtering effect of the holes in
the snowflakes (Mitra et al., 1990). The study carried out by Illuminati
et al. (2016) in Antarctica showed a different scavenging depending on
the aerosol size. They found that the scavenging caused by snowfall
explained a decrease of 80 % of the coarse fraction (between 3 and 10
pm).

Scavenging of aerosol particles by snowflakes is more complicated
than by raindrops due to the irregular shape of ice elements (Levin,
2009). It causes large uncertainties in the values of collection efficiency
between experimental results and theoretical models, especially for sub-
micron particles. Linked to this, most studies have shown that falling
snow is a more efficient scavenger of air particles than rain due to its
higher porosity (Franz and Eisenreich, 1998). Some theoretical BCS
models corroborate this fact, although they show some uncertainties in
the terminal velocity, cross-section, snowflake size and collision effi-
ciency between aerosols and snowflakes (Croft et al., 2009; Feng, 2009).
Furthermore, Lei and Wania (2004) found that snow is a better scav-
enger of organic chemicals than rain, although it depends on tempera-
ture. However, the snow scavenging coefficients for aerosol particles
present a great variability among studies, from 1.9 - 10 % to 4.2 - 1075
s~ in Helsinki, Finland (Paramonov et al., 2011) or from 3.1 - 10~ to
1.2-103sin Lanzhou, China (Zhao et al., 2015).

After the snowflakes have fallen to the ground and melted, the
aerosol particles incorporated into them can be transferred to the ground
causing major impacts (Kang et al., 2020), remain in the meltwater
(Meyer and Wania, 2011, 2008), or return to the atmosphere (Ariya
et al., 2011). Pousse-Nottelmann et al. (2015) reported an increase in
Aitken, accumulation and coarse modes after deposition of snowflakes

on the ground (after removal of aerosols from the atmosphere).

Thus, does the intensity and duration of snowfall, or snowflake size
affect the aerosol scavenging process? To address this question, several
snow events will be thoroughly characterized, including aerosol particle
size distribution (PSD) before, during and after snowfall, snowflake sizes
and meteorological variables. Also, the chemical composition of some
melted snow samples will be analysed.

2. Methodology
2.1. Sampling site

Ledn (42°36'N, 05°35'W) is a Spanish city with a population of about
200,000 inhabitants located in the northwest of the Iberian Peninsula at
an altitude of 838 m above sea level. Based on the records of the last 35
years, Ledn presents an annual mean temperature of 11.1 °C, 13 snowy
days and 75 rainy days, with a total mean precipitation of 515 mm
mainly concentrated in winter and spring (data provided by the Spanish
Meteorological Agency (http://www.aemet.es)). The sampling
campaign was conducted between 12 February 2016 and 14 March
2017. The instruments were located in the Faculty of Veterinary Medi-
cine of the University of Leén. In winter, the major sources of aerosol
particles are traffic and domestic heating devices, since large emitting
industries do not directly affect the site (Blanco-Alegre et al., 2019;
Oduber et al., 2021a).

2.2. Snow event selection

The beginning of the snowfall event is defined as the minute in which
a precipitation volume of at least 0.01 mm is recorded. The end of the
event is considered when the precipitation is <0.01 mm for 15 min.
Selected snow events have fulfilled the following requirements: i) no
missing particle or meteorological data; ii) a minimum of 60
precipitation-free minutes between events; iii) variations in tempera-
ture, relative humidity and wind speed below +3.5 °C, +£25 % and 2 m
s~1, respectively, within 30 min before and after precipitation to avoid
changes caused by meteorological factors outside snow (Hussein et al.,
2006). Other authors have used similar criteria to avoid the influence of
hygroscopic aerosol growth and meteorology on scavenging (Blanco-
Alegre et al., 2021; Kyro et al., 2009; Zhao et al., 2015). In Le6n during
sampling, a total of six snow events were found to satisfy the criteria that
were previously mentioned.

2.3. Particle sampling

The ultrafine (UFP) and accumulation aerosol particles were
measured using a scanning mobility particle sizer spectrometer (SMPS
Model 3938, TSI, Minnesota, USA). The aerosol sample flow passes
through a Nafion dryer incorporated at the inlet that dries aerosol to or
below 40 % relative humidity (Wiedensohler et al., 2012). The flow
ratios were 0.3 and 3 L min~! for the aerosol sample and sheath flow,
respectively. This configuration provided a complete size distribution
between 14.3 and 1000 nm in 110 channels with a temporal resolution
of 6 min. Multiple charge and diffusion corrections in the line and sys-
tem were applied according to the ACTRIS SMPS standards (Wie-
densohler et al., 2012). During each snowfall, the real-time particle
number concentration (PNC) and PSD were fitted to normal distribution
through the sum of two or three lognormal distributions.
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PNC at each size bin was corrected using the daily pattern of the
periods without precipitation covering the 15 days before and after the
snowfall, following the methodology shown in Blanco-Alegre et al.
(2018). The daily pattern used to correct each event is shown in Fig. A1.

PM;( sampling was carried out with a low-volume sampler (Echo
PM, TECORA, Cogliate, Italy) that collected the aerosol mass on teflon
filters (@ = 47 mm) and a high-volume air sampler (CAV-A/Mb model,
MCV, Barcelona, Spain) that collected the aerosol mass on quartz filters
(@ = 150 mm).

2.4. Hydrometeors sampling and meteorological parameters

To characterize the snowflakes, a disdrometer Laser Precipitation
Monitor (LPM) of Thies Clima (Gottingen, Germany) has been used. It
registers hydrometeors between 0.125 and 8 mm in 22 channels. The
following precipitation variables, on one-minute basis, were obtained:
terminal velocity (m s, precipitation intensity (mm h’l), accumu-
lated precipitation (mm), number of hydrometeors in each channel
(m_s), water content (total volume of hydrometeors per cubic metre
(mm® m™3)), swept volume by falling hydrometeors for each size bin
(rnm3 m*3) and average of the snowflake sizes (mm). Swept volume and
terminal velocity were estimated following the methodology described
by Blanco-Alegre et al. (2021). The estimated relative error of the pa-
rameters calculated using this method is <18 %. It is important to
highlight that the accuracy of snowflake diameter measurements can
also be influenced by their shape, potentially leading to discrepancies of
<20 % in the measurements obtained from the optical disdrometer
(Battaglia et al., 2010).

Snow-water samples were collected in glass bottles using a rainwater
collector (UNS 130/E, Eigenbrodt, Konigsmoor, Germany). Every bottle
was sampled for a period of 23.5 h (=1 day), from 1000 to 0930 UTC.
Furthermore, a Davis weather station (Hayward, USA) continuously
registered the temperature (T), relative humidity (RH), wind speed (WS)
and wind direction (WD). Planetary Boundary Layer (PBL) height was
obtained from data made available by the National Oceanic and Atmo-
spheric Administration (NOAA) (https://www.ready.noaa.gov/READYa
met.php).

2.5. Analytical methodologies

The chemical composition of the melted snow-water samples was
analysed. The conductivity and pH were determined after collection
with a Hach, HQ 40d multi metre (Manchester, United Kingdom). Then
samples were filtered through a quartz filter (@ = 25 mm) in order to
separate the insoluble and soluble fractions. The soluble fraction was
analysed for i) t dissolved organic carbon (DOC) by combustion and
infrared detection in a Total Organic Carbon Analyzer (TOC-VCPH,
Shimadzu, Duisburg, Germany) and ii) water soluble inorganic ions
using a Thermo Scientific Dionex™ ICS-5000 equipment (Massachu-
setts, USA) equipped with an IonPac® CS16 column (4 x 250 mm) for
the analysis of cations (Na*, K*, Ca®*, Mg?* and NHZ) and an IonPac®
AS11 column (4 x 250 mm) for the analysis of anions (F~, Cl°, SO?{,
NOj and NO3). Furthermore, the quartz filters, containing the insoluble
fraction, were analysed for organic and elemental carbon (WIOC and
WIEC, respectively) using a thermo-optical technique (Custodio et al.,
2014; Pio et al., 2011).

The aerosol chemical composition was obtained from the analysis of
daily PM filter samples collected during the same sampling campaign
(AERORAIN project). Quartz filters were used to determine PM;( by
gravimetry on an electronic semi-microbalance (XPE105DR, Mettler
Toledo, Ohio, USA) (with a precision of 0.00001 g), and organic and
elemental carbon, using a thermo-optical technique (Alves et al., 2015;
Pio et al., 2011). Teflon filters were used to determine major trace ele-
ments by Particle-Induced X-ray Emission (PIXE) (Lucarelli et al., 2015).
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2.6. Parameters of scavenging

After selecting the snow events, the scavenging efficiency (%AC) and
the scavenging coefficient (1) have been determined (Egs. (1) and (2);
Seinfeld and Pandis, 2016). For each snowfall, 4 periods were defined as
follows:

- T1: half an hour before the start of the snowfall.

- T2: first half hour after the start of the snowfall. For one of the
studied events, Ty was shorter than 30 min due to the short-term
duration of the event (lower than 30 min).

- T3: second half hour after the start of the snowfall.

- T4: half an hour after the end of the snowfall.

To eliminate the eventual influence of external sources of particles,
the scavenging effect caused by snowflakes has been evaluated during
two consecutive periods of 30 min from the beginning of the snowfall
(T3 and Tjs, respectively). Thus, %AC and A (s’l) have been calculated
considering the aerosol concentration data:

- registered during the first 30 min (T5) or 30 min after snowfall (T4)
compared with the concentration recorded 30 min before snowfall (T;).
The comparison T1-T4 is the “entire event evaluation”.

- the second 30 min (T3) of snow precipitation will be also used to
analyze the evolution of scavenging throughout the event, in compari-
son with the mean concentration registered during the time period Ts.

- in order to analyze the evolution of %AC and 4, the one-minute
aerosol concentration registered during snowfall was compared with
the mean concentration registered in the previous 30 min.

%BAC = — (Cbc_ C“) -100 @)

a

) = () @

where d, is the aerosol particle diameter (nm) and C is the aerosol
concentration (cm’3). The subscripts a and b represent any time interval
T1, T2, T3 or T4, b being later than a.

Likewise, %AC and A were estimated every 10 min for the nucleation
mode (particle sizes <30 nm) (Apye and %ACy,c), Aitken mode (particle
sizes between 30 and 100 nm) (Aaj; and %ACa;), accumulation mode
(particle sizes between 100 and 1000 nm) (A4 and %AC,..) and for the
total aerosol particles (Aglobal and %ACgioban). Positive values of %AC and
A are indicative of effective scavenging.

The scavenging coefficients for ionic species (W) have been calcu-
lated following the methodology indicated by Oduber et al. (2021b) (Eq.
(3)).

_ Cowow Puir
Cﬂir Psnow

3

where Cyoy is the concentration of the ionic species in mg L' in snow
samples, Cg;- is the concentration of the same species in pg m~2 in the air,
Pair 15 the air density (1.29 x 10° pg m~>) and p,,,, is the snow density
(1012 ug m’3).

Furthermore, the volume-weighted mean concentrations (VWM) of
ionic species (peq L) were calculated using Eq. (4)

VM == @)

where Cjis the concentration in peq L™}, S; is the precipitation accu-
mulated (mm) for each snow event and N the total number of snow
events.


https://www.ready.noaa.gov/READYamet.php
https://www.ready.noaa.gov/READYamet.php

C. Blanco-Alegre et al. Science of the Total Environment 906 (2024) 167608

2.7. Air mass origin
2 ~| 32} @ < N o
.. . . . . S g7 | © S) n n @

The origin of air masses during snow events was obtained using the 2E8b|ad & S ¥ v o
HYSPLIT4 (Hybrid Single Particle Lagrangian Integrated Trajectory) _ o 1 o o o o«
NOAA model (Draxler and Rolph, 2012) based on four-days back tra- RS g ¢ g n g 7
jectories at 1000 m a.g.l. over the sampling point. Two trajectories for
each day, at 0000 and 1200 UTC, were obtained. The methodology was o |8 § & &8 2 X
the same as in Blanco-Alegre et al. (2019), with a classification into six » e oo e a e =
categories: Arctic, Atlantic Ocean, Continental European, North Amer- § >
ica, North Atlantic Ocean and Saharan desert. The model was run with s % trla 0 <« o @ =«
meteorological data from the Global Data Assimilation System (GDAS) Z2lEELIS & % Z 2 ¢
archives (http://ready.arl.noaa.gov/HYSPLIT traj.php). £

sl 3
3. Results and discussion %O Lé
g E SElw o >~ © N <
3.1. Characterization of events E s
I

The six snowfalls that meet the aforementioned criteria were E|8E 6 o6 o o v o
concentrated in the winter months (January and February). A wide 5 a E 8 2 8 8 2 &
range of accumulated snow-water values was registered (Table 1), with =
a minimum of 0.9 mm (Event E6) and a maximum of 66.4 mm (E2). Two % o E T 8 I 5 8 =
different groups were established based on the intensity of precipitation: E a2 6 4 ¥ & 8 %
intensities lower than 1 mm h™! (E1, E3 and E6) and intensities higher E - .
than 4 mm h™! (E2, E4 and E5). The maximum snow intensity during T 2| & E I 8 ¥ &8 § %
was registered in the E5 (7.39 mm h™ ') and E3 (2.14 mm h’l), while the mle= °e - vy 78
remaining events presented snow intensities lower than 0.5 mm h™'.

Mean temperature and relative humidity were similar during all 28 2 § § @ § § Q
events, ranging between 0.86 and 2.67 °C and between 78.3 and 87.2 %, AR A = «
respectively. As mean temperatures were above 0 °C, the ice particles
could have partially melt and reach the ground as wet snow (Levin, °
2009). However, the mean wind speed differed between events, with a = % 2 g 3 8 B § @
minimum of 0.13 m s ™! (E3) and a maximum of 7.51 m s~ ! (E5), but the e -
difference between before and after was lower than 2 m s™* (Section
2.5). As expected, meteorological parameters analysed during T, are g
very similar to those of the global event, with a mean wind speed T~ § ¢ 0o 2 @ 9
ranging from 0.08 m s 1 (E3) to 6.57 m s~ * (E5). e = a& S «© N S

An increase in PBL height was recorded between before and after N [
snowfall due to events starting at night or in early morning (except in E3 RS S 5 3 g & g
and E6, during which an intense atmospheric thermal inversion was
registered, with PBL height values lower than 100 m). The PBL height is g E § § § E E
key to the evolution of pollutant concentrations at the surface (Su et al.,

2018), so a higher PBL height after the snowfall favors the decrease of >

aerosol concentrations. The combined influence of the higher PBL height % P I
and the scavenging effect of snowfall contributes to the overall reduction g EEL|2 % & &8 & &
of aerosol concentrations near the surface. However, despite these in- ‘g

sights, the precise significance of each factor requires further in-depth g

analysis. B k|

The origin and transport pathways of air masses reaching the sam- ,go =<
pling point during the snow events can be observed in Fig. 1. North ) 2 g Elt = @ n o o
America origin is the most common class (E4, E5 and E6 with a mean 3 GRE|YT 8 — & % <
PNC before snow of 172, 1074 and 2142 cm ™3, respectively), while 3 2| o~
North Atlantic Ocean (E1 with a mean PNC of 4148 cm™>), Continental E HE: g o
European (E2 with a mean PNC of 1392 c¢m~3) and Saharan desert (E3 g g g g f g i E E E
with a mean PNC of 2165 cm™3) provenances represented one case each. = §
The typical particle number size distribution depending on the air mass ol 2| o g w D n 85 e
origin arriving at Leén are presented in Blanco-Alegre et al. (2022), 1Sl |& ¥ ¥ & § ¢
mainly pointing out that Continental and Saharan origins showed the § %
highest number concentration of aerosol particles with diameters higher 8 TE g E S 8 %5 § 3
than 65 nm. Size distributed PNC showed clear differences among glala 2 |8 & ¥ & & b
events, with higher number of particles in E1, E3 and E6 (Table 2). E3 5
showed distinctive characteristics, as it was a snow event after a Saharan E S 3. Y 5 8%
dust intrusion (Oduber et al., 2019), and it showed a different PSD than ZR goegeqherenen

A . . . | 8 TomoaNoOmWOoOINO SO
the rest of the events (Fig. 2) with a high number of particles larger than ° A TS docdodNoN=N
100 nm. -

In all snowfall cases studied, the synoptic situation at ground level % E g o g 1

indicates that low pressures were registered over the Iberian Peninsula. & 3
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Fig. 1. Four-days back trajectories (1000 m a.g.l.) arriving in Leén during snow events.




C. Blanco-Alegre et al.

Table 2

Mean PNC (corrected by daily pattern) during T; and T», scavenging coefficient and scavenging efficiency (%AC) for nucleation (14-30 nm), Aitken (30-100 nm), accumulation (100-1000 nm) and global (14-1000 nm)

modes.

%A Cglobal

Aglobal
10%s™

PNCiobat2
(em™)

PNCgiobart
(em™)

%A Cacc

PNCqcc 2 Aace
(em™®) 10°s™h

PNCacc 1
(ecm™3)

%ACai

PNCair 2 Aair
(em™3) 105s™h

PNCair 1
(em™)

%A Cruc

Anuc
10°s™hH

PNCpyc 2
(em™3)

PNCryc 1
(em™3)

Event

39.5

27.9

8478
2286
8292

14,019

29.6
46

19.5

1036

40.3
51.2

28.6

3698

6191

39.4

27.8

4778
1804

7885
3241

46.9

35.2

4306
8611

.5

229 34.8

3766

428
3794

1590 776 39.9
2832

2997

44.4

32.6

E2

3.7
19.7

2.1

0.7

0.4

2.2
30.6
1

5.5
17.2

3.5
39.5

2.0
27.9

598
167
811
972

619
277
1040
3141

E3

12.2

593
2659
5162

739
3416
10,056

3.9
25

170
538
1348

177
721
1882

10.5

278
1426
2951

335
1820
5498

E4

22.2

26.1
3

4

21.6

25.4
3

22.0

25.9

E5

48.7

7.0

28.4

8.5

46.3

4.6

69.0

65.2
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A cold front entered the Peninsula from the northwest in all cases, except
in E3, the event with a Saharan air mass origin, but with an entry of cold
air masses from high-latitude areas (Figs. A2 and A3). Winter Saharan
dust outbreaks affecting the Iberian Peninsula during winter occur
typically under anticyclonic conditions, with intense subsidence thermal
inversions (Russo et al., 2020). This phenomenon was probably regis-
tered in E3 (the closest available radiosonde, in Santander -about 350
km NE of Leén-, showed a subsidence thermal inversion at 875 m a.g.l.)
(Fig. A4).

3.2. Scavenging efficiency and coefficient

Table 2 includes size segregated PNC, 1 and %AC values. As can be
observed in Fig. 2, the 1 coefficient during the snowfall presented pos-
itive values (effective scavenging) at the beginning of the events.
However, throughout the events, the scavenging coefficient showed
fluctuations and, in some events (E2, E3, E4 and E6), the particle con-
centration was higher in T4 (after snowfall) than in T;. Thus, the evo-
lution of the mean 1 coefficient during snowfall (Fig. 3) shows that after
25 min the scavenging efficiency decreases.

The comparison of %AC and A values between T; and Ty shows a
decrease of the mean of %AC (36.3 + 22.1 % for nucleation, 30.4 +
18.2 % for Aitken, 22.4 + 17.3 % for accumulation and 30.1 + 17.8 %
for the total distribution) and of the 1 coefficient (3.02 - 10~* + 2.03 -
10~*s7! for nucleation, 2.37 - 1074 +£1.42-10"*s7! for Aitken, 1.77 -
107* 4+ 1.42 - 107* 57! for accumulation and 2.34 - 107 +£ 1.37 - 10~*
s~ for the total distribution). Data of this type for different latitudes can
provide valuable information for building and improving models (Ryu
and Min, 2022).

When comparing values of T; (before) and T4 (after snowfall), the
%AC parameter presented positive values only in 3 events in nucleation
mode (Table Al). In Aitken and accumulation modes, except for E1, the
concentration after snowfall was equal (E5) or higher than before pre-
cipitation. The analysis of the entire event did not show an effective
scavenging, except during E1.

In general, the values obtained in snow events were similar to those
obtained in rain events (Blanco-Alegre et al., 2021). However, higher
scavenging values caused by snow than by rain have been reported by
other authors (Kyro et al., 2009; Witkowska et al., 2015; Zikova and
Zdimal, 2016), mainly at temperatures above —10 °C (Zhao et al., 2015).
Furthermore, Paramonov et al. (2011) have found a strong dependence
of aerosol-hydrometeor interaction with micrometeorological parame-
ters during snowfalls. In this study, the snow events presented the best
possible meteorological conditions to scavenge (Paramonov et al.,
2011), with temperatures between 0.9 and 2.7 °C and high relative
humidity with values between 78 and 87 %. However, when comparing
PNC before and after snow, a decrease was not registered, contrary to
what was observed in rainfall events (Blanco-Alegre et al., 2021, 2018)
during the same sampling campaign. It may be related to the fact that
after the snowflakes fall to the ground and melt, the aerosol particles
incorporated could return into the atmosphere (Ariya et al., 2011).
Additionally, the arrival of air masses with a higher aerosol load after
the snowfall, could be another reason (Babu et al., 2016).

In order to identify the range of particle sizes that are less efficiently
scavenged by snowfall, akin to Greenfield gap used in rain scavenging
analysis (Greenfield, 1957), the A coefficient was calculated using the
data during the first 30 min (T3) and during the second 30 min (T3) of
precipitation (Fig. 3). Positive values (efficient scavenging) were ob-
tained along all the size distribution, except between 400 and 600 nm
(with negative values around 500 nm). Therefore, this interval corre-
sponds to the less efficiently scavenged gap. From 30 to 300 nm, A values
were constant around 2.5 - 10~ 51, Various studies report different
boundaries for the size range of the this gap during snow events in
smaller particles, for example between 60 and 300 nm in diameter
(Paramonov et al., 2011) or between 100 and 300 nm in diameter (Kyro
et al., 2009; Laakso et al., 2003). However, Radke et al. (1980) reported
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Fig. 2. (continued).

the less efficiently scavenged gap in larger sizes, around 1000 nm. These
variations may be caused by the different snowflake sizes and water
content of the snowflakes among studies, which affect the collision ef-
ficiency between hydrometeor and particle size (Andronache, 2003; Bae
et al., 2006; Ladino et al., 2011).

In E1, E2 and E3, the swept volume was due to hydrometeors ranging
between 0.125 and 4 mm, while in E4, E5 and E6 to hydrometeor sizes
up to 7.5 mm with high swept volume values (Fig. A5). The Pearson

correlation between the size-segregated snowflake number and %AC
every 10 min along events indicates positive values, so a higher number
of hydrometeors caused a higher decrease in aerosol concentration. The
maximum value was obtained for snowflake sizes of 3 mm (p = 0.211),
while the minimum was obtained for 6 mm sizes (p = 0.070). It is
remarkable that only E1 and E5 showed a significant correlation for all
hydrometeor sizes. These events were the only ones with a lower particle
concentration during T4 than Tj.
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3.3. Evolution of particle size distributions

Contrary to rain events (Blanco-Alegre et al., 2021), the PSD in
snowfalls presented a multimodal distribution (three or more peaks)
(Fig. 4). Most of the scavenging caused by snow occurred in Ty, while in
T3 there were slight increases or decreases.

Table A2 shows the fit parameters for the log-normal distribution,
where D is the diameter, ¢ is the amplitude (width parameter) and N is
the aerosol particle concentration (Jonasz and Fournier, 1996). A
decrease in particle concentration is observed along all particle sizes
when comparing the distributions before snowfall (T;) and during Ts.
Fig. A6 includes two examples of reconstructed model fitting.

In the nucleation peaks, E1 and E3 presented a decrease in the
number of particles, both in Ty and T3 (no differences were detected
between both periods). In general, T3 showed a decrease or a stabili-
zation on the particle number and location of the peaks included in this
mode.

Table 3

In the Aitken and accumulation modes, the peaks shift to larger di-
ameters and a stabilization or even increase in number concentration is
observed. For example, in E1, during Ty, the lognormal parameters were
D3 =52.1 nm; 65 = 0.80 &= 0.09 and N3 = 118 + 7 cm ™3, while during T3
they were D3 = 56.6 nm; o3 = 0.69 + 0.06 and N3 = 143 £ 5 em 3.
Concentrations registered prior to snowfall are recovered along events.
Two possible explanations underlie this behaviour: it could be caused by
changes in air masses (Babu et al., 2016) or by the resuspension of
aerosol particles scavenged by snowflakes upon reaching the ground,
returning to the atmosphere. Indeed, the resuspension is a very complex
process that depends on several factors such as the solubility of the
different aerosol species and the environmental conditions (Ariya et al.,
2011; Pousse-Nottelmann et al., 2015).

Zikova and Zdimal (2016) in a rural background site (Kosétice, Czech
Republic) showed a PSD during snowfall seemingly with only one modal
peak around 100 nm, while without snowflakes there was also a modal
peak but located around 50 nm. Further, they observed an increment in

Cations and anions concentration (peq L), pH, conductivity (uS cm ™), VWM (Volume-weighted mean concentrations) and W scavenging coefficient for ionic species,

registered in melted snow-water samples for E4, E5 and E6.

Event pH Conductivity Na' NHj Mg+? K cat? F~ cl- S03%~ NO3 NO;
E4 5.75 61.0 BLD BLD 4.13 4.89 8.94 BLD 5.33 7.93 4.60 BLD
E5 6.32 5.8 31.2 BLD 9.35 5.18 2.49 BLD 46.2 6.00 4.27 BLD
E6 6.94 46.1 57.3 4.55 15.0 5.52 16.5 5.76 77.4 29.6 7.16 BLD
VWM - - 5.3 0.27 1.46 0.65 1.13 0.34 7.41 2.11 0.69 -
W (10%) 34.6 5.3 57.8 24.5 18.5 - 31.8 18.7 15.57 -

BDL- below detection limit.
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the concentration of aerosol larger than 200 nm during snowfall, a
behaviour similar to that observed in some cases (E4 and E6) of our
study. The lower number of modal peaks observed by Zikova and Zdimal
(2016) during snowfalls is probably related to the location of the sam-
pling point, a rural site without traffic emissions.

3.4. Chemical analysis of snow samples

The chemical composition of snow samples was analysed only for E4,
E5 and E6 events (all of which had a North America air mass origin) due
to operational issues in air samplers. E4 registered a WIOC concentration
of 0.049 mg L™, a WIEC of 0.009 mg L~! and an WIOC/WIEC ratio of
5.3. The WIOC concentration was higher than that obtained in other
studies of snow samples in mountain sites as in Cerqueira et al. (2010),
who reported values of 0.096-1.400 pg L™! for Schauinsland (Germany)
and 0.033-0.785 ug L' for Sonnblick (Austria). However, the WIOC
concentration was lower than those reported for Gdynia (Poland) by
Witkowska and Lewandowska (2016) in a coastal urban environment,
with values between 0.098 and 0.205 mg L. With regard to other types
of precipitation, similar values from 0.012 to 3.55 mg L™ 'were obtained
for rainwater in Nanchang (China) (Zou et al., 2020), while a lower
value (0.0005 mg L™1) was documented for Nam Co, Tibet (China)
(Ming et al., 2010). The mist condition in Sao Paulo (Brazil) (Vascon-
cellos et al., 2018) showed higher WIOC values (1.5-4.9 mg L’l). The
WIEC was higher than the limits reported for snow samples in Gdynia
(Poland) (0.003 and 0.004 mg L’l) and within the limits obtained in
Schauinsland (Germany) (0-0.192 mg L™1) and Sonnblick (Austria)
(0-0.12 mg L™ by Cerqueira et al. (2010). The WIOC and WIEC con-
centrations during E5 and E6 were below the detection limit (BLD).

DOC in snow samples showed concentrations of 0.51 mg L™! and
4.09 mg L™! during E4 and E5, respectively. It is worth stressing that E4
exhibited a higher insoluble and lower soluble carbon content than E5.
E5 showed an effective scavenging between before and after snow, while
E4 presented a great increment of particle concentration (%A4Cglobal =
—164 %). The reasons previously argued (change of air masses and/or
resuspension of aerosols scavenged by snow) can be applied in this case.
The low precipitation sampled during E6 did not allow the analysis of its
DOC content.

The water-soluble inorganic ions in melted snow-water samples were
also analysed in E4, E5 and E6 (Table 3). E6 presented the highest
concentration of both cations and anions. While higher concentrations
of Nat, Mg?*, K* and Cl~ were obtained for E5, E4 presented higher
levels of Ca®* and SO% .

The PM;( concentrations before precipitation were 21.9, 16.3 and
18.1 ug m~3, for E4, E5 and E6, respectively. In aerosol samples, OC and
EC for these snowfalls accounted for 1.56, 1.35 and 1.51 pg OC m~> and
0.54, 0.38 and 0.36 pg EC m™>, respectively. The concentrations of
water-soluble inorganic ions the day before precipitation are included in
Table A3. A clear relationship between Ca%*, SOF~ and NO3 concen-
trations in aerosols before snowfall and the concentration registered in
the melted snow-water samples was observed. This fact may indicate
that these ions are scavenged regardless of snowfall characteristics.
However, other ions such as Na*, NHf, Mg?", K* or CI~ did not show a
proportional relationship between the pre-event concentration and that
contained in the snow samples. Scavenging coefficient W values for each
ion indicated that Mg?", Na® and Cl~ were scavenged more efficiently
during snowfall, with higher values than those registered during rainfall
events in the same sampling campaign (Oduber et al., 2021b). pH and
conductivity mean values of melted snow-water samples were slightly
higher than those obtained for rainfall samples (6.32 vs 6.20 and 37.6 vs
33.8 uS em ™).

4. Conclusions

A study about below cloud scavenging of snow has been conducted.
Throughout the snowfalls, the scavenging coefficient showed
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fluctuations. An effective washing of particles was observed during the
first 30 min of snowfall, while when analyzing the whole event (30 min
before and 30 min after snowfall) an increase in particle number con-
centration (in all modes) was registered. This may be related to the facts
that after the snowflakes fall to the ground and melt, the aerosol parti-
cles incorporated could return into the atmosphere and the arrival of air
masses with a higher aerosol load after the snowfall. A different scav-
enging efficiency (%AC) and the scavenging coefficient (1) values were
obtained during the first 30 min: nucleation (36.3 + 22.1 % and 3.02 -
107*+2.03-107*s™), Aitken (30.4 + 18.2 % and 2.37 - 10™* £ 1.42 .
10~* s7!) and accumulation (22.4 + 17.3 % and 1.77 - 107* + 1.42 -
10~*s71). The range of particle sizes that are less efficiently scavenged
by snowfall was observed between 400 and 600 nm. The snowflake with
the highest %AC was that of 3 mm in size while the lowest was 6 mm,
probably due to the lager number of hydrometeors for the 3 mm size.
The particle size distributions were fitted to log-normal distributions
and the parameters were compared before and after snow. In general, a
decrease in concentration in all particle sizes was observed, except for
some events, for which an increment was registered in aerosol size
ranges higher than 200 nm. In the chemical composition of snow-water,
the species with highest scavenging values were Mg?", Na™ and CI~. A
clear relationship between Ca®*, SO~ and NO3 concentrations before
snow event and the concentration registered in the snow samples was
noticed. This fact may indicate that these ions are scavenged regardless
of snowfall characteristics.

The combination of SMPS and disdrometer measurements have
made it possible to carry out a study about aerosol scavenging by
snowflakes in the Mediterranean area, an information scarce in the
literature. The estimation of the scavenging coefficients caused by
several types of precipitation provide useful information on aerosol
sinks to be used as input in climate models. Future studies will be
focused on a high number of snow events with different snowfall in-
tensities and the analysis of chemical composition changes.

The results obtained show that the scavenging caused by snowfall on
aerosols at mid-latitudes is not as evident as in other works at high
latitudes have documented, possibly related to the pollution level. It can
be further analysed how much time is needed for pollution recovered its
pre-snowfall level and how it is related to the environmental conditions.
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Fig. A2. Synoptic situation during snow events in Leén: a) E1; b) E2; ¢) E3; d) E4 and E5; and e) E6. Source: https://digital.nmla.metoffice.gov.uk/.
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Fig. A3. Synoptic maps of surface pressure and geopotential altitude at 500 hPa during snow events in Le6n: a) E1; b) E2; ¢) E3; d) E4 and E5; and e) E6. Source:
www.wetterzentrale.de.
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Table Al
For modes of nucleation (14-30 nm), Aitken (30-100 nm), accumulation (100-1000 nm) and global (14-1000 nm), mean PNC (corrected by daily pattern) before (T;)
and 30 min after precipitation (T4), scavenging coefficient and scavenging efficiency (%AC).

Event PNCpyc1 PNCpyc 4 Anuc %ACnuc PNCajr1 PNCai 4 Aai %ACair PNCgec1 PNCocc 4 Aace %ACqcc PNCgloball PNchubaH lglubal %A Cglobal
(em™) (m™®) @1073sh (em™@) (m™) @03s™h (em™)  (m™® @10°3s™h (em™)  (m™®)  (107°s™H

El 7885 1094 19.5 86.1 6191 874 19.3 85.9 1036 270 13.2 73.9 14,019 2083 18.8 85.1
E2 3241 5839 -1.2 —80.1 1590 5858 -2.6 —268.4 428 1088 -1.9 —154 4306 11,880 -2 -175.9
E3 619 1175 -8.8 —89.8 2997 3995 —4 —33.3 3794 4143 -1.2 -9.2 8611 9860 -1.9 —14.5
E4 277 768 —6 -177.7 335 979 —6.3 -191.9 177 380 —4.5 —-114.9 739 1948 —-5.7 —163.8
E5 1040 1021 2 1.9 1820 1813 0.4 0.4 721 683 0.2 0.2 3416 3381 1.1 1

E6 3141 2978 0.9 5.2 5498 6842 -3.8 —24.4 1882 2808 —6.9 —49.2 10,056 12,289 -3.4 —22.2

Table A2

Mean values and standard deviation of lognormal aerosol particle size distributions during snow events before and after precipitation. T; = Before, Ty = During first 30
min of precipitation and T3 = During second 30 min of precipitation. D is the diameter (nm), N is the number of particles (cm~>) and o is the width parameter.

Moment Dy N; o1 Dy N o2 Ds N3 o3 Dy Ny o4
El Ty 21.0 + 399 + 0.01 + 27.0+1.0 454+64 0.29+ 49.1+72 191 + 0.74 +
0.2 99 0.02 0.06 22 0.13
To 20.9 + 324 + 0.09 + 26.4 + 0.6 276 + 21 0.25 + 52.1 + 4.4 118 £ 7 0.80 +
0.1 39 0.01 0.03 0.09
T3 21.3 + 225 + 0.11 + 275409 182+19 0.26 + 56.6+3.0 143+5 0.69 +
0.1 39 0.01 0.05 0.06
E2 Ty 20.3 + 228 + 0.12 + 253+23 149+ 0.48 +
0.2 44 0.02 13.9 0.08
To 19.6 + 155 + 0.01 + 25.7 £ 0.6 108 + 5 0.33 +
0.1 12 0.01 0.02
T3 20.9 + 252 + 0.03 £ 252+ 0.4 129 £ 6 0.40 £
0.0 17 0.01 0.02
E3 T 17.1 £ 456 + 0.01 + 29.3+0.9 50+5 0.35 + 115.7 + 161 +£3 0.79 +
0.3 394 0.03 0.04 1.7 0.03
T, 30.3 + 6149 0.30 + 49.1+97 15+8 0.29 + 122.2 + 156+1 0.75+
1.5 0.04 0.21 1.5 0.02
T3 59.6 + 27 £5 1.56 + 126.8 + 138 £ 6 0.67 £
129 0.17 1.6 0.02
E4 T 21.5 + 18+3 0.11 + 28.7+06 22+1 0.28 + 89.3+35 10+1 0.85 +
0.1 0.02 0.03 0.06
T, 22.6 + 13+2 0.07 + 30.1+09 12+1 0.51 + 107.4 + 10+1 0.58 +
0.1 0.01 0.04 3.5 0.05
T3 28.1 + 13+1 0.40 + 96.5 + 3.2 8+1 0.77 £
0.4 0.02 0.05
E5 T 20.9 + 79 + 44 0.29 + 37.2 + 19 + 19 0.19 +
0.5 0.10 10.8 0.41
To 25.7 + 52+ 20 0.31 + 45.9 + 5.7 44 +3 0.73 £ 133.1 + 25+6 0.40 +
0.8 0.04 0.27 11.8 0.07
E6 T 25.5 + 67 £5 0.32 + 62.5 + 3.6 55+ 2 0.99 + 211.5 + 4+ 4 0.12 +
0.3 0.03 0.08 22.6 0.16
To 18.7 £ 25+5 0.07 + 26.0 £ 0.3 73+2 0.32 + 73.6 £ 0.7 115+1 0.70 + 268.8 + 17 + 0.36 +
0.2 0.02 0.02 0.02 9.9 2 0.05
T3 26.3 + 99 +7 0.46 + 69.7 + 1.8 137 £ 2 0.72 + 270.1 + 15+2 0.43 +
0.6 0.02 0.04 20.7 0.10
Table A3
Cations and anions concentration (g m~>) registered in 24-h sampled filters before snow events E4, E5 and E6.
Na® NH{ Mgt? K* Cca™? F~ cl- S03~ NO3 NOz
Before E4 1.11 0.09 0.12 0.17 0.14 BLD 2.14 0.49 0.27 BLD
Before E5 0.18 0.04 0.01 0.06 0.06 BLD 0.29 0.21 0.21 BLD
Before E6 0.96 0.20 0.10 0.18 0.15 BLD 1.64 0.67 0.36 BLD

BDL- below detection limit.
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