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Abstract. Below-cloud scavenging (BCS) is the process of
aerosol removal from the atmosphere between cloud base
and the ground by precipitation (e.g., rain or snow), and af-
fects aerosol number or mass concentrations, size distribu-
tion, and lifetime. An accurate representation of precipita-
tion phases is important in treating BCS as the efficiency
of aerosol scavenging differs significantly between liquid
and solid precipitation. The impact of different representa-
tions of BCS on existing model biases was examined through
implementing a new aerosol BCS scheme in the Environ-
ment and Climate Change Canada (ECCC) air quality pre-
diction model GEM-MACH and comparing it with the ex-
isting scavenging scheme in the model. Further, the current
GEM-MACH employs a single-phase precipitation for BCS:
total precipitation is treated as either liquid or solid depend-
ing on a fixed environment temperature threshold. Here, we
consider co-existing liquid and solid precipitation phases as
they are predicted by the GEM microphysics. GEM-MACH
simulations, in a local-area domain over the Athabasca oil
sands areas, Canada, are compared with observed precipi-
tation samples, with a focus on the particulate base cation
NH+4 ; acidic anions NO−3 , SO=4 , HSO−3 in precipitation; and
observed ambient particulate sulfate, ammonium, and nitrate
concentrations.

Overall, the introduction of the multi-phase approach and
the new scavenging scheme enhances GEM-MACH perfor-
mance compared to previous methods. Including a multi-
phase approach leads to altered SO=4 scavenging and im-
pacts the BCS of SO2 into the aqueous phase over the do-
main. Sulfate biases improved from +46% to −5% relative
to Alberta Precipitation Quality Monitoring Program wet sul-
fate observations. At Canadian Air and Precipitation Mon-

itoring Network stations the biases became more negative,
from −10% to −30% for the tests carried out here. These
improvements contrast with prior annual average biases of
+200% for SO=4 , indicating enhanced model performance.
Improvements in model performance (via scores for corre-
lation coefficient, normalized mean bias, and/or fractional
number of model values within a factor of 2 of observations)
could also be seen between the base case and the two simula-
tions based on multi-phase partitioning for NO−3 , NH+4 , and
SO=4 . Whether or not these improvements corresponded to
increases or decreases in NO−3 and NH+4 wet deposition var-
ied over the simulation region. The changes were episodic in
nature – the most significant changes in wet deposition were
likely at specific geographic locations and represent specific
cloud precipitation events. The changes in wet scavenging
resulted in a higher formation rate and larger concentrations
of atmospheric particle sulfate.

1 Introduction

Atmospheric aerosols impact air quality and influence cli-
mate directly by absorbing and scattering sunlight and in-
directly by modifying cloud properties (e.g., Haywood and
Boucher, 2000). Aerosol number and mass concentration,
lifetime, and distribution are regulated by the removal pro-
cesses such as wet scavenging (Pruppacher and Klett, 1997).

Wet scavenging, including in-cloud and below-cloud scav-
enging (BCS), is defined as the removal of both aerosol par-
ticles and gases from the atmosphere by different hydrom-
eteors such as rain or snow. Scavenging of pollutants by
cloud droplets and by removal due to precipitation formation
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(also known as “rainout”) occurs as a result of the solubil-
ity of gases and via aerosol activation. BCS is also known
as the “washout” process, in which atmospheric material
is exposed to falling hydrometeors and hence may be sub-
ject to collection and removal (e.g., Rogers and Yau, 1989).
Ryu and Min (2022) study reevaluated aerosol deposition
in WRF-Chem using observation results. Below-cloud scav-
enging was found to play a more significant role (50 %–
60 %) in wet deposition than traditionally understood, while
in-cloud scavenging was revised up to 34 %–37 %. Their
updated model improved wet deposition accuracy for vari-
ous aerosols, particularly SO4 and NH4, enhancing surface
PM2.5 and PM10 concentration predictions. Wet scavenging
is the dominant removal pathway of aerosol particles at the
global scale (Stier et al., 2005); however, it is worth not-
ing that recent observational studies, such as Emerson et
al. (2020), highlighted the significance of aerosol dry de-
position. In general, the study of the wet deposition process
requires an understanding of cloud processes, including the
chemical reactions occurring within hydrometeor. Details of
these processes underlie some of the major sources of uncer-
tainty in wet deposition modeling (Tost et al., 2006; Kajino
and Aikawa, 2015). To study the BCS, it is necessary to con-
sider some of the physical processes, such as condensation,
Brownian motion, thermophoresis, diffusiophoresis, turbu-
lent inertial interception, rear-capture, and gravitational or
electric forces (Lemaitre, et al., 2017; Pruppacher and Klett,
1978; Gong et al., 2003, 2011). Brownian motion is more im-
portant for scavenging particles smaller than 0.1 µm, while
the gravitational forces are more efficient to remove parti-
cles larger than 1 µm. Collision efficiency of hydrometeors
with particles has a minimum for particles in the size range
of 0.1–2 µm. This region of low collection efficiency due to
Brownian motion and gravitational settling, with its minima
in this size range, is referred to as the Greenfield gap (Green-
field, 1957; Slinn and Hales, 1971; Andronache et al., 2006;
Ladino et al., 2011). The size distributions of aerosol parti-
cles and the diffusivity or solubility of gases also need to be
specified in order to accurately represent the collection ker-
nel for hydrometeor–aerosol collision efficiency (cf. Cherrier
et al., 2017). In this study, we focus on BCS of aerosols.

The BCS of particles is more efficient in the cold months
due to snow scavenging, while gas scavenging is more ef-
ficient during the warm months (Cheng et al., 2017). Snow
scavenging is an important removal mechanism at midlati-
tudes, in polar regions and in mountainous areas. Snow and
ice crystals are more efficient scavengers than water drops,
due to their larger surface-to-volume ratio (Wang et al.,
2014). The study of snow scavenging is more complicated
than rain scavenging, due to the wide variety of snow parti-
cle shapes, sizes and densities, which results in different fall
speeds, cross-sectional areas and flow patterns around snow
particles (Pruppacher and Klett, 1997; Jylhä, 1999; Wang et
al., 2014), whereas it has been a common practice to assume
spherical shapes for rain droplets. However, it is important to

note that this assumption can introduce inaccuracies. This is
particularly evident for larger raindrops, which often deviate
from perfect spherical shapes and exhibit more oblate forms.
The modeling study of Croft et al. (2009) estimated around
30 % of BCS of sulfate particles are due to snow scavenging
globally.

Some studies indicate a tendency of the precipitation phase
to be moving towards the liquid (rain) due to the global
warming (Trenberth, 2011). It is important to differenti-
ate precipitation phases in model simulations, as scaveng-
ing efficiency differs between rain and snow (examples of
aerosol scavenging coefficients for rain and snow are shown
in Fig. 3). The temperature cross-over characterizing the
transition point between equal contributions of rain and snow
towards particle collection also varies significantly, between
−0.4 and 2.4 ◦C (a 29-year Northern Hemisphere observa-
tional dataset demonstrating this range may be found in Jen-
nings et al., 2018). Despite this temperature variation, and
the importance of precipitation phase on wet scavenging and
wet fluxes, some scavenging models use partition precipita-
tion phase based on a simple, uniform air temperature thresh-
old (Harpold et al., 2017; Feiccabrino et al., 2015; Jennings
et al., 2018).

The rate of change (loss) of aerosol mass concentrations
due to BCS by precipitation (rain and snow) is referred as the
scavenging coefficient 3 (s−1) (Seinfeld and Pandis, 2006):

∂C(t)

∂t
=−3 · C (t) , (1)

3
(
dp
)
=

∫
∞

0

π

4
D2
pUt (Dp)E(Dp, dp)N(Dp)dDp. (2)

In Eq. (1),C (t) is the mass concentration of aerosol at time t ,
and the scavenging coefficient 3 is the loss frequency (s−1)
of mass concentration per unit time; their product in Eq. (1)
is the rate of mass concentration loss per unit time associ-
ated with scavenging. In Eq. (2), dp, Dp and N(Dp) re-
fer to aerosol diameter, droplet diameter and droplet num-
ber density at given droplet size, respectively. In this equa-
tion, 3

(
dp
)

is expressed as a function of the particle collec-
tion efficiency, E(dp,Dd) and the hydrometeor’s fall speed
Ut (Dd).

Equation (1) is also dependent on the size of the aerosol
(via dp), hence requiring the aerosol size distribution to be
incorporated into the equations.

Here, a semi-empirical, size-resolved 3 parameterization
from Wang et al. (2014) was implemented in the Environ-
ment and Climate Change Canada (ECCC) air quality predic-
tion model GEM-MACH v3.1 (Global Environmental Multi-
scale model–Modeling Air quality and Chemistry). The 3
parameterization in the Wang et al. (2014) study was devel-
oped based on the uncertainty analyses and follows power
law relationships with precipitation intensity R (Wang et al.,
2014). Furthermore, it is applicable to BCS of the rain and
snow and over a wide range of particle sizes and precipitation
intensities. The default GEM-MACH scavenging scheme is
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based on Slinn (1984), and its collection efficiency is for-
mulated as a linear combination of the collection efficiencies
due to Brownian motion, interception and impaction. There-
fore, the Slinn parameterization misses important processes
in the Greenfield gap, such as thermophoresis and electro-
static forces, which are included implicitly in the Wang et
al. (2014) model. The semi-empirical Wang et al. (2014)
scheme was developed to provide an optimization of all
available theoretical formulations of scavenging coefficients
in comparison with available observations at the time.

In the present study, we determine the impact of precipi-
tation phase partitioning on aerosol BCS, and compare the
Wang et al. (2014) scavenging scheme with the previous
GEM-MACH scavenging scheme (based on Slinn 1984). The
implementation details of both schemes are described below.

In what follows, BCS in the GEM-MACH model and the
simulation setup are described (Sect. 2.1–2.3), followed by
a brief description of the measurement data used for model
evaluation (Sect. 2.4). Section 3 presents the results includ-
ing (1) GEM-MACH BCS tests to examine the impact of pre-
cipitation partitioning and of the Wang et al. (2014) scheme
and (2) comparison of GEM-MACH simulations with obser-
vations. The latter work has a focus on the particulate base
cation NH+4 ; acidic anions NO−3 , SO=4 , and HSO−3 ; and par-
ticulate sulfate, ammonium, and nitrate. The summary and
conclusions of our work are reported in Sect. 4.

2 Methodology

2.1 GEM-MACH model

The GEM-MACH base model consists of an online tropo-
spheric chemistry module embedded within ECCC’s GEM
numerical weather forecast model (Côté et al., 1998a, b;
Charron et al., 2012; Moran et al., 2013). A fully coupled
version of GEM-MACH is used for this study; “fully cou-
pled” here refers to the aerosol chemistry and meteorol-
ogy coupling; i.e., this version allows for the model to in-
clude the influence of online aerosols on modeled meteorol-
ogy through radiation and cloud microphysics (Makar et al.,
2015a, b, 2021; Gong et al., 2015). The aerosols predicted
by the chemistry module are used to calculate aerosol extinc-
tion in the GEM radiation code and droplet nucleation in the
GEM microphysics code, with the resulting cloud liquid wa-
ter content and cloud droplet number concentration (CDNC)
in turn affecting aqueous-phase chemical processes within
the model’s chemistry modules.

The GEM-MACH chemistry module includes a com-
prehensive representation of air quality processes, such as
gas-phase, aqueous-phase, and heterogeneous chemistry and
aerosol processes (e.g., Moran et al., 2013; Makar et al.,
2015a, b; Gong et al., 2015). The default gas-phase chem-
istry of GEM-MACH was based on the ADOM-II mech-
anism with 47 species and 114 reactions (Lurmann et al.,

1986; Stockwell and Lurmann, 1989). In the current study,
we use gas-phase chemistry parameterized by the SAPRC
11 mechanism with 175 species and 837 reactions (Carter
and Heo, 2013); inorganic heterogeneous chemistry repre-
sented by a modified version of ISORROPIA algorithm of
Nenes et al. (1999), as described in Makar et al. (2003); sec-
ondary organic aerosol (SOA) formation parameterized us-
ing a two-product, overall, or instantaneous aerosol yield for-
mation (Odum et al., 1996; Jiang, 2003; Stroud et al., 2018);
aerosol microphysical processes, including nucleation and
condensation (sulfate and SOA), hygroscopic growth, coag-
ulation, and dry deposition and sedimentation parameterized
based on Gong et al. (2003); and the representation of cloud
processing of gases and aerosols including uptake and activa-
tion, aqueous-phase chemistry, and wet removal (Gong et al.,
2006, 2015). The default GEM-MACH model includes eight
internally mixed aerosol components: sulfate, nitrate, ammo-
nium, primary organic aerosol, secondary organic aerosol, el-
emental carbon, crustal material, and sea salt. For this study,
crustal material is further speciated into six elements: cal-
cium, magnesium, sodium, potassium, iron and manganese.
A sectional approach is used for representing aerosol size
distribution with a 12-bin (between 0.01 and 40.96 µm, loga-
rithmically spaced) configuration.

2.2 Below-cloud scavenging

In the GEM-MACH model, the default wet BCS schemes
of aerosol by rain and snow are based on Slinn (1984). Wet
scavenging is a removal process for the atmospheric tracers
and describes the uptake of gases and aerosols into cloud
hydrometeors. Partial or complete hydrometeor evaporation
subsequent to that uptake may result in the release of cap-
tured particles back to the atmosphere. In such cases, rather
than a net removal (wherein the captured material reaches
the ground within precipitation), the captured material may
instead be transported to a different vertical level in the at-
mosphere from the point where the uptake occurred. The wet
deposition flux of tracer i at a given level in a vertical column
is calculated by Eq. (3) in GEM-MACH (Gong et al., 2006):

Fi (z)= (Fi (z+ 1)+1Fi (z))(1.0− fevp (z)), (3)

where fevp is the fraction (0 to 1) of precipitation loss by
evaporation, 1Fi (z) is the input flux of aerosols to the hy-
drometeors at level z due to either precipitation produc-
tion (e.g., cloud-to-rain) or precipitation scavenging and
Fi (z+ 1) is the flux arriving at that level from above.

Slinn (1984) formulations are parameterizations of the
scavenging coefficient theoretically described in Eq. (2).
Based on laboratory experiments and dimensional analyses,
Slinn (1984) presented separate BCS schemes for rain and
snow as functions of precipitation rate (P ) and mean collec-
tion efficiency (E) (Gong et al., 2003, 2011). For rain this is
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as follows:

3(dp)=
cP E(dp,Rm)

Rm
, (4)

where the empirical constant c is 0.5 and Rm is the mean
drop size. The precipitation rate P is also used to obtain the
mean drop radius Rm. For snow this is as follows:

3(dp)=
γP E(dp,λ)

Dm
, (5)

where λ is the characteristic capture length, Dm is the char-
acteristic length, and γ , the empirically derived collision ef-
ficiency, is 0.6. The values of λ and Dm vary depending on
temperature and snow type. The temperature dependence of
Slinn’s collection efficiency E for snow (solid precipitation)
includes the consideration of hydrometeor forms (or shapes),
which determine the characteristic capture length, settling
velocity, etc. The different forms of precipitation are found in
certain temperature ranges, e.g., needle snow (−8 ◦C < T <
0 ◦C), stellar snow (−25 ◦C< T <−8 ◦C), and graupel (T <
−25 ◦C). The characteristic capture length, settling velocity,
etc., are assigned with different values based on the types of
solid hydrometeors (hence the temperature ranges). For both
rain and snow, collection efficiency E is a linear combina-
tion of three processes: Brownian diffusion, interception and
impaction (Slinn, 1984).

In the pre-existing, base-case, GEM-MACH setup, the liq-
uid and solid precipitation fluxes predicted from the GEM
meteorological module are combined and a single phase (ei-
ther liquid or solid) is determined by a uniform environ-
ment temperature threshold, T = 0 ◦C (e.g., rain occurs for
temperatures > 0 ◦C and snow for temperatures < 0 ◦C). In
this study, a multi-phase partitioning is tested by taking into
account the liquid and solid hydrometeor phases predicted
by the microphysics in the meteorological module of GEM-
MACH. Using this multi-phase partitioning approach, con-
sistent with the GEM microphysics employed here, the co-
existence of both liquid and solid phases can be treated (more
information on this new scheme appears in Sect. 2.3).

In addition to the above in-cloud scavenging parameteriza-
tion comparisons, we compared the existing BCS methodol-
ogy (Slinn, 1984) to a more recent semi-empirical methodol-
ogy (Wang et al., 2014). In contrast to Eqs. (4) and (5), Wang
et al. (2014) proposed separate formulae of 3 for rain and
snow, as a function of aerosol diameter and rain rate:

3i = AiR
Bi , (6)

where Ai and Bi are empirical parameters and are polyno-
mial functions of aerosol diameter and the subscript i denotes
a given particle size bin. R is the precipitation rate (Wang et
al., 2014).

2.3 Model setup

This study focuses on the Oil Sands (OS) region, Alberta,
Canada. Figure 1 shows the model domains and Canadian

Figure 1. Model domains, with 2.5 km ×2.5 km in red and 10 km
×10 km in blue. CAPMoN and APQMP observation stations are
shown with green and yellow dots, respectively.

Air and Precipitation Monitoring Network (CAPMoN) and
Alberta Precipitation Quality Monitoring Program (APQMP)
observation stations used for model wet deposition evalua-
tion. GEM-MACH simulations were carried out on a limited-
area model (LAM) domain with 2.5 km ×2.5 km (red) reso-
lution, nested from a 10 km ×10 km (blue) horizontal reso-
lution, for the months of April and July 2018 (Fig. 1). The
simulations incorporated a 1-week “spin-up” period prior
to April and 1 July 2018 to allow the model cloud fields
to reach a steady state prior to the month-long simulations
used for model comparison and evaluation. The model driv-
ing meteorology was updated every 24 h, with each high-
resolution run duration of 30 h incorporating a 6 h spin-up
for the same reason. The model setup with regards to mete-
orological piloting; chemical lateral boundary condition; an-
thropogenic, biogenic, and wildfire emissions are similar to
those presented in Makar et al. (2018, 2021), with the un-
derlying version of GEM being updated to v5.0. The me-
teorology is piloted by the global GEM model and initial-
ized daily (at 06:00 UTC) using the Canadian Meteorolog-
ical Centre’s regional objective analysis. A total of 80 ver-
tical, unevenly spaced, hybrid coordinate levels were used
to cover between the surface and 0.1 hPa, with the lowest
terrain-following model layer located about 20 m above the
surface. The feedbacks between chemistry and meteorology
were enabled so that the aerosols predicted by the chem-
istry module were allowed to influence the model radiative
transfer (through aerosol extinction) and cloud microphysics
(through droplet nucleation), as described above (further de-
tails can be found in Makar et al., 2015a, b, 2021; Gong et
al., 2015).

For this study, three model runs were conducted:

1. Base case – the existing GEM-MACH setup (“base
case”). The BCS of aerosol is parameterized based on
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Figure 2. Mean April (a) temperature, (b) solid precipitation flux and (c) liquid precipitation flux at the model hybrid level of 0.98 (e.g., at
∼ 980 mb). Panels (d) and (e) are as in (a) and (b) but showing approximate limits masking out the predominantly snow flux (d) and
predominantly rain flux (e). The black masked regions are the portion of the solid precipitation that would be treated as liquid in the base
case due to the above-zero environment temperature (c), and the portion of the liquid precipitation that would be treated as solid in the base
case due to sub-zero environment temperature (e).

Slinn (1984) (“Slinn1984”) as described in Sect. 2.2.
A single-phase precipitation was employed at a given
model grid cell: the liquid and solid precipitation fluxes
at a given model grid cell are combined to a total pre-
cipitation flux, and a uniform environment temperature
threshold (T = 0 ◦C) is used to determine the precipi-
tation phase, liquid or solid, for BCS (e.g., > 0 ◦C rain
and < 0 ◦C snow).

2. Multi-phase partitioning approach (or “multi-phase”).
For this experiment, the BCS of aerosol is also based on

Slinn (1984); however, coexisting multi-phase precipi-
tation at a given model grid is considered. In contrast to
the base case, the liquid and solid precipitation fluxes
are not combined prior to the BCS calculation. Instead,
the predicted liquid and solid precipitation fluxes by the
GEM microphysics are used in separate BCS calcula-
tions (according to the predicted phase), allowing for the
co-existence of liquid and solid precipitation at a given
model grid cell for the treatment of BCS.
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3. Wang et al. (2014) scavenging scheme (“Wang2014”).
This simulation also uses coexisting multi-phase precip-
itation similar to case 2 above, with the difference be-
ing the replacement of the Slinn (1984) formulation for
the BCS coefficient for aerosols with the semi-empirical
formulation from Wang et al. (2014).

In both the base case and the multi-phase approach, the
formulae of Slinn (1984; Eqs. 4 and 5) are used to determine
the scavenging coefficient (for liquid and solid precipitation,
respectively). The main difference between the base case and
multi-phase approach lies in whether a precipitation is treated
as a single phase (base case) or multiple phases of precipita-
tion (multi-phase) are considered model grid cells containing
clouds. The approaches consequently differ in how the pre-
cipitation phase is determined for BCS, i.e., through the use
of a uniform temperature threshold that determines whether
the precipitation is in the form of rain or snow (base case) or
through the use of meteorological model (or parameterized)
rain and snow (multi-phase). Note also that both methodolo-
gies make use of Eq. (3) to describe the flux between model
layers. Figure 2 shows the average temperature and the rain
and snow fluxes predicted by the GEM-MACH meteorolog-
ical module for April 2018 at the model hybrid level of 0.98
(e.g., the level near the surface and at ∼ 980 mb atmospheric
pressure). The study area was relatively cold, and the average
temperature is in the range −15 to 15 ◦C. The model pre-
dicted both solid and liquid precipitation during the month
of April, with solid precipitation dominating. There are ar-
eas (model grid cells) where coexisting liquid and solid pre-
cipitation were predicted. With the base-case approach, all
precipitation (liquid + solid) in the area where temperature
was below 0 ◦C was treated as solid phase for BCS. Sim-
ilarly, all precipitation in the area where temperature was
above 0 ◦C was treated as liquid phase. This is illustrated in
the lower panels of Fig. 2 (Fig. 2d and e) by masking the
areas with no liquid and solid precipitation. In contrast, the
new multi-phase approach treats the liquid and solid precip-
itation as they are predicted in the GEM microphysics when
applying the Slinn parameterization for liquid and solid pre-
cipitation scavenging coefficients. The comparison between
the average temperature (Fig. 2a) and the solid and liquid
fluxes (Fig. 2b and c) from these two approaches illustrates
the difference between the assigned solid and liquid precipi-
tation based on a uniform temperature (Fig. 2d and e – liquid
precipitation for T > 0 ◦C and solid for T < 0 ◦C) and the
revised approach using the predicted solid and liquid phases
from the GEM microphysics module (Fig. 2b and c). These
results indicate the possible inconsistency between the model
hydrometeor distributions generated with the use of a tem-
perature threshold versus the “actual” precipitation phases,
which may further impact the aerosol scavenging and con-
centration and wet fluxes. Note that Fig. S1 in the Supple-
ment, the same plot as Fig. 2 but for July 2018, shows the
existence of solid-phase precipitation at high altitudes.

Figure 3 compares the Slinn1984 and Wang2014 scaveng-
ing coefficients as a function of aerosol size. For liquid pre-
cipitation (Fig. 3a), the difference between the Slinn1984 and
Wang2014 scavenging coefficients increases with increas-
ing precipitation intensity. The two schemes differ the most
for aerosol sizes between 0.1 to 1 µm, particularly at high-
precipitation intensity (Fig. 3b). For the solid precipitation at
lower intensity (R = 0.01 mm h−1), the two schemes diverge
for aerosols smaller than 1 µm, while at higher precipitation
intensities (R=10 mm h−1) the two schemes show higher dis-
parity for aerosols larger than 1 µm. Collection efficiency in
the Slinn formula includes the effects of the processes of
Brownian diffusion, interception and impaction. However,
Slinn’s formulae do not include representation of some pro-
cesses such as thermophoresis or diffusiophoresis, both of
which may increase the collection efficiency for particles in
the size range of 0.01–1 µm (e.g., Slinn and Hales, 1971;
Wang and Pruppacher, 1977; McGann and Jennings, 1991;
Byrne and Jennings, 1993; Pranesha and Kamra, 1997; Tri-
pathi and Harrison, 2002; Tinsley, 2000; Andronache, 2004;
Andronache et al., 2006; Wang et al., 2010). Wang2014 in-
cludes the consideration for these two additional processes.
Jones et al. (2022) showed that the thermophoresis mostly
enhances the collection of accumulation mode particles (0.1–
1 µm). This may explain the underestimation of scavenging
coefficient by Slinn1984 in comparison to Wang2014 for par-
ticles below 1 µm diameter. Figure 4 shows snow scavenging
coefficient magnitude versus aerosol size distribution with
the intensity of 0.01 mm h−1 and different ambient atmo-
spheric temperatures. In the Slinn (1984) Eq. (5) (for snow
or solid precipitation), collection efficiency E, characteristic
capture length = λ and characteristic length Dm vary with
temperature. This temperature dependence is related to the
assumption of the temperature regimes associated with types
of hydrometeors and their shapes and sizes. However, the
Wang2014 parameterization was developed assuming ambi-
ent temperatures of 15 ◦C for rain scavenging and−10 ◦C for
snow scavenging and an ambient pressure of 1013.5 hPa for
both rain and snow scavenging. This introduces some uncer-
tainties in the Wang et al. (2014) approach, when the atmo-
spheric conditions differ from these assumptions.

2.4 Observation for model evaluation

The observation data used for model evaluation are from
several surface monitoring networks, namely, precipitation
chemistry data from the Canadian Air and Precipitation Mon-
itoring Network (CAPMoN) and Alberta Precipitation Qual-
ity Monitoring Program (APQMP) and air concentration of
PM2.5 and speciated PM2.5 data from National Air Pollution
Surveillance (NAPS).
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Figure 3. Slinn (1984) and Wang (2014) rain (a) and snow (b) scavenging coefficients (s−1) versus the aerosol sizes and different precipita-
tion intensities (R).

Figure 4. Slinn (1984) and Wang et al. (2014a) snow scaveng-
ing coefficient versus aerosol size distribution with the intensity of
0.01 mm h−1 at three different ambient atmospheric temperatures
(T = 240, 250 and 270 K). Note that the three curves associated
with Wang et al. (2014a) collapse into a single curve due to their
independence to temperature.

2.4.1 Precipitation samples

Precipitation samples were collected at five sites by APQMP,
and at three sites by CAPMoN (https://www.canada.ca/
en/environment-climate-change/services/air-pollution/
monitoring-networks-data/canadian-air-precipitation.html,
last access: 25 January 2024). Measurement locations are
shown in Fig. 1. These samples are collected using wet-only
precipitation samplers. The samplers are designed to be
operated only during precipitation; the sampling container
lids open when the precipitation is detected by the heated
precipitation sensors. The primary goal of the precipitation
sample collection is analysis of the major ions. For the

CAPMoN samples, the collector container was lined with
a polyethylene bag which was removed, sealed, weighed,
refrigerated and shipped to the laboratory for major ion anal-
ysis. For the APQMP samples, the samples were transferred
from the clean collection container to a smaller sample
bottle, capped, refrigerated if stored on site and shipped to
the laboratory for analysis. The collection frequency varied
between sites, with some sites collecting daily samples, and
others collecting weekly samples.

Using recommended methods and completeness criteria
of WMO/GAW (2004, updated 2015), quality control pro-
cedures were performed by the collecting networks, and
precipitation-weighted mean concentrations of SO=4 , NO−3
and NH+4 were calculated from the samples.

Overall, the collecting method described above tends to
underestimate the total precipitation amount due to wind and
evaporative loss and delay in lid opening relative to the com-
mencement of precipitation, and thus the flux of ions derived
from the samples must be corrected using independent ob-
servations of total precipitation values. CAPMoN sites were
equipped with separate standard rain and snow gauges for
measuring the precipitation amounts in order to carry out
this correction. These standard gauges were not available on
APQMP sites, and hence deposition fluxes precipitation cor-
rections were calculated using daily precipitation depth data
from the nearest meteorological station (ECCC, 2022; AAF,
2022).

2.4.2 Speciated and total aerosol concentrations

The PM2.5 speciation program of NAPS network in-
cludes the measurement of PM2.5 mass and speci-
ated PM2.5 (e.g., sulfate, nitrate and ammonium) at
the existing Canada-wide air quality monitoring sites
(https://www.canada.ca/en/environment-climate-change/
services/air-pollution/monitoring-networks-data/
national-air-pollution-program.html, last access: 25 Jan-
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Figure 5. Hourly accumulated sulfur component deposition flux (µmol m−2) from the base-case experiment, averaged over April 2018 (a,
b) and July 2018 (c, d) for SO=4 (a, c) and SO−3 (b, d). Domain-mean deposition values are SO−3 = 0.123 (9.84) and SO=4 = 0.083
(7.97) µmol m−2 (µg m−2) for April and SO−3 = 0.027 (2.16) and SO=4 = 0.187 (17.95) µmol m−2 (µg m−2) for July.

uary 2024). Speciated PM2.5 samples were collected using
Partisol-Plus Model 2025-D sequential dichotomous particle
samplers by splitting the incoming PM10 sample stream
into fine and coarse fractions with a virtual impactor. The
mass flow rates of the fine- and coarse-particle streams were
maintained at 15 and 1.7 L min−1, respectively. PM2.5 spe-
ciation samples were collected using a Partisol Model 2300
sequential speciation samplers, equipped with three Harvard-
designed, Thermo Scientific ChemComb® cartridges. The
cartridges were designed to separate PM2.5 impactor inlets
and maintain a constant flow rate of 10 L min−1. More
information regarding the data collection and analysis by
NAPS is available from Dabek-Zlotorzynska et al. (2011).

3 Results and discussion

3.1 Modeled wet deposition

Makar et al. (2018) evaluated the model total (wet and
dry) deposition against observed precipitation data from the
Athabasca oil sands region, and concluded that wet depo-
sition dominates based on an earlier version of the GEM-
MACH model. The contribution to April and July 2018 mean

wet deposited flux for different components of sulfur and
nitrogen for the base-case experiment are shown in Figs. 5
and 6, respectively (the domain-average values are shown
in figure captions). The wet deposition fluxes include both
in-cloud scavenging and BCS. The wet scavenging of sul-
fate aerosol is lower during the cold season than in the
warm season. HSO−3 deposition mostly occurs close to the
SO2 emission sources as it is associated with wet scaveng-
ing of gas-phase SO2, while the wet deposition of the oxi-
dized form, SO=4 , extends to a broader area downwind from
the emission sources. Shown in Fig. S2 are maps of mod-
eled average SO2 concentration at the model hybrid level of
0.98 over the region for the periods of our simulations. The
“hotspots” of SO2 indicate the locations of major SO2 emis-
sion sources in the oil sands area. The higher monthly to-
tal precipitation in July (Fig. 7) affects the SO=4 deposition
fluxes in July (Fig. 5). Furthermore, deposition of N species
is higher in July than April due to higher total precipitation
(Fig. 7), agricultural activities and increased contributions of
bi-directional fluxes when the ground is unfrozen. The com-
parison between wet deposition of N components (Fig. 6)
shows higher contributions of NH+4 scavenging, especially
in agriculture-rich areas during July, where reduced N is de-
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Figure 6. Hourly accumulated nitrogen components deposition flux (µmol m−2) from the base-case experiment, averaged over April 2018 (a,
b) and July 2018 (c, d): NO−3 (a, c) and NH+4 (b, d). Domain-mean deposition values are NO−3 = 0.139 (7.65) and NH+4 = 0.377
(4.15) µmol m−2 (µg m−2) for April and NO−3 = 0.169 (9.295) and NH+4 = 1.950 (21.45) µmol m−2 (µg m−2) for July.

posited closer to the emission source. The higher NO−3 flux in
winter (cold season) is likely driven by the uptake into cloud
water of higher particulate nitrate concentrations. Both the
temperature dependence of particle nitrate formation (which
favors colder temperatures) and the shallower boundary layer
in the winter lead to higher particulate nitrate in wintertime,
which may then be scavenged below clouds. This is further
influenced by the elevated NOx emissions during the win-
ter due to increased energy demand. Note that the NH+4 wet
flux includes contributions from scavenging of particulate
NH+4 and gaseous ammonia (NH3) and NO−3 wet fluxes from
both scavenging of particulate nitrate and gaseous nitric acid
(HNO3).

Figure 8 shows the differences in wet deposition flux be-
tween the base and multi-phase experiments for SO−3 , SO=4 ,
NO−3 and NH+4 , respectively. We computed the 90 % confi-
dence interval scores for each of the fields examined. The
approach follows Makar et al. (2021) and Geer (2016), us-
ing a 90 % confidence level in model predictions, with the
statistical measures considered different at the 90 % confi-
dence level when the 90 % confidence ranges do not overlap.
The 90 % confidence interval scores for each of these differ-

ence fields are shown in Fig. 9. Figure 8 shows a decrease
in wet deposition of HSO−3 when multi-phase partitioning
is included. Although the mean wet deposition of SO=4 is
decreased for some areas, Fig. 8 indicates overall enhance-
ment of the scavenged sulfate particles mostly by precipita-
tion partitioning (e.g., for multi-phase experiments). When
multi-phase partitioning is included explicitly in the cloud
processing parts of the model, a larger amount of solid-phase
precipitation occurs than would be the case using a temper-
ature threshold. These changes in phase may result in an in-
crease and decrease in SO=4 and HSO−3 , respectively. In the
model, HSO−3 is formed from SO2 dissolved into liquid wa-
ter (cloud droplets or rain droplet), and it is assumed that ice
particles (cloud ice or snow) do not take up SO2. If solid
precipitation dominates, there will be less uptake (or scav-
enging) of SO2 into precipitation. This is in contrast to the
case of particle SO=4 – the process of particle scavenging (in-
cluding particle sulfate) by precipitation is more efficient for
solid precipitation (snow) than liquid precipitation (rain), as
illustrated in Fig. 2. NO−3 and NH+4 do not experience uni-
form changes and indicate both increases and decreases in
wet scavenging, depending on location. The 90 % confidence
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Figure 7. Daily accumulated precipitation (PR) averaged over April and July 2018. Domain-mean values of PR are 0.90 and 3.00 mm for
April and July, respectively.

Figure 8. The net differences in hourly accumulated mean deposited flux of SO−3 , SO=4 , NH+4 and NO−3 for the multi-phase and base-
case experiments (e.g., multi-phase – base case) over April 2018. Domain-mean deposition values are SO−3 = 0.123 (9.84), SO=4 = 0.083
(7.970), NO−3 = 0.139 (7.645), and NH+4 = 0.377 (4.147) µmol m−2 (µg m−2) for the base case and SO−3 = 0.015 (1.20), SO=4 = 0.089
(8.54), NO−3 = 0.135 (7.42), and NH+4 = 0.371 (4.081) µmol m−2 (µg m−2) for the multi-phase experiment.

intervals show that the largest geographical area of the results
between the two models differing at greater than 90 % con-
fidence is for HSO−3 , with almost all of the difference field
being significant above the 90 % confidence level. Amongst
SO=4 , NO−3 and NH+4 , the areas of confidence level above
90 % for SO=4 are relatively extensive and consistent with

the areas of increased wet deposition in Fig. 8, while the ar-
eas of confidence level above 90 % for the other two ions are
small, suggesting that these differences are occurring more
sporadically, probably linked to differences in temperature
and rainfall rates, as described above.
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Figure 9. The corresponding 90 % confidence interval scores for Fig. 8 (following Makar et al., 2021, the differences are significant at or
above the 90 % confidence level when the score ≥ 1; red regions identify > 90% confidence differences).

The comparison between the multi-phase and Wang2014
runs for April 2018 shows the impact of using different
BCS parameterizations, i.e., Slinn1984 versus Wang2014
(Fig. 10). The corresponding 90 % confidence interval scores
are shown in Fig. 11. Both formulations treat SO2 scaveng-
ing in the same manner; differences are associated only with
particle scavenging methodology. The differences in wet de-
position flux of HSO−3 between the two runs are due in part
to the response of the meteorological system to changes in
CDNC location and amount and aerosol radiative properties
(i.e., to the aerosols and meteorology feedbacks). Overall,
the Wang2014 scheme has slightly lower HSO−3 caused by
the feedback in the model and mixed changes in SO=4 , NO−3
and NH+4 . These changes are not significant (refer to the
mean domain values in the figures captions). July 2018 plots
(Figs. S3 and S4) show generally similar patterns to the April
plots (Figs. 8 and 10) where the multi-phase and Wang2014
scheme are compared.

To illustrate the distinction between the Slinn1984 and
Wang2014 schemes and to explain the differences shown in
Fig. 10, the scavenging coefficients based on the domain av-
eraged precipitation intensity from the two schemes are com-
pared in Fig. S5. In Figure S5a (rain scavenging), two dif-
ferent schemes (Slinn1984 and Wang2014) have relatively
similar scavenging coefficients during April, but the scaveng-

ing coefficients are more different during July, especially for
aerosols at the size range of 0.1–1 µm. The lower scavenging
of the Slinn’s scheme can be explained by its lack of pro-
cesses such as thermophoresis in the Greenfield gap, as dis-
cussed in Sect. 2.3. For snow scavenging, Fig. S5b shows a
significant difference between the two schemes for particles
smaller than 1 µm, the Wang2014 scavenging coefficient be-
ing considerably higher than Slinn1984. Given the fact that
the solid precipitation is dominating in the April precipita-
tion, we expect to see higher particle wet deposition fluxes
by using Wang2014 than by using Slinn1984 scheme (refer
to Figs. 2 and S1).

3.2 Comparison with observations (precipitation
chemistry)

Figure 12 shows the comparisons between measured and
modeled precipitation amounts and wet deposition fluxes of
SO=4 , NO−3 and NH+4 , from the three different GEM-MACH
experiments (i.e., base case, multi-phase and Wang2014)
for April. The statistical evaluations are also summarized
in Fig. 12 for the model versus observation and in Table 1
for the model versus APQMP and CAPMoN sites. Sample
collection occurred daily at CAPMoN sites and weekly at
the APQMP sites separately (given the difference in sam-
ple collection frequency and protocols). GEM-MACH cap-
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Figure 10. The net differences in hourly accumulated mean deposited flux of SO1−
3 , SO=4 , NH+4 and NO−3 for the Wang2014 and multi-

phase experiments (e.g., Wang2014 – multi-phase) for April 2018. Domain-mean deposition values are SO−3 = 0.014 (1.120), SO=4 = 0.089
(8.540), NO−3 = 0.135 (7.425), and NH+4 = 0.371 (4.081) µmol m−2 (µg m−2) for Wang2014 and SO−3 = 0.015 (1.20), SO=4 = 0.089
(8.544), NO−3 = 0.135 (7.425), and NH+4 = 0.371 (4.081) µmol m−2 (µg m−2) for the multi-phase experiment.

Table 1. Performance scores for PR and deposited SO=4 , NO−3 and NH+4 with the different scavenging approaches showing the comparisons
between the measured and modeled precipitation amounts and wet deposition fluxes of SO=4 , NO−3 and NH+4 . The highest scores are indicated
in bold.

APQMP CAPMoN

R NMB Fac. 2 R NMB Fac. 2

Base case 0.73 0.39 0.29 0.68 0.20 0.34
PR Multi-phase 0.73 0.37 0.29 0.71 0.19 0.32

Wang2014 0.73 0.37 0.29 0.69 0.18 0.32

Base case 0.83 0.46 0.57 0.90 −0.10 0.33
SO=4 Multi-phase 0.84 −0.05 0.57 0.92 −0.27 0.47

Wang2014 0.86 −0.05 0.64 0.93 −0.30 0.33

Base case 0.51 −0.09 0.43 0.73 -0.68 0.27
NO−3 Multi-phase 0.58 −0.13 0.43 0.76 −0.68 0.33

Wang2014 0.58 −0.11 0.57 0.76 −0.68 0.27

Base case 0.93 −0.14 0.64 0.68 −0.47 0.40
NH+4 Multi-phase 0.92 −0.14 0.64 0.68 −0.46 0.53

Wang2014 0.93 −0.14 0.71 0.69 −0.44 0.47
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Figure 11. The corresponding 90 % confidence interval scores for Fig. 10 (following Makar et al., 2021, the differences are significant at or
above the 90 % confidence level when the score ≥ 1).

tures the precipitation events and amounts well. The pre-
cipitation partitioning and the Wang2014 scheme do not di-
rectly affect model simulation of precipitation values. Some
changes (especially local changes) are expected due to the
aerosol feedbacks included in the model; however, the differ-
ent GEM-MACH experiments show relatively similar precip-
itation amounts overall (Fig. 12a–c and Table 1). The slight
distinction between the precipitation amounts of three exper-
iments is due to the feedbacks between modeled aerosols and
cloud microphysics.

Comparison of the observed SO=4 data with the simula-
tion results (Fig. 12d–f), suggests an overall better agree-
ment with observations by including the multi-phase parti-
tioning, and further improvement in agreement associated
with the use of the Wang et al. (2014) scavenging scheme.
As shown in Table 1, the normalized mean bias (NMB) val-
ues of SO=4 for the multi-phase and Wang2014 experiments
are improved compared to the base case (from 0.46 to−0.05)
due to precipitation partitioning, and the Wang2014 experi-
ment has the best correlation (R = 0.86, compared to 0.83 for
base run and 0.84 for multi-phase) and the best factor 2 score
(0.64, compared to 0.57 for both the base run and multi-phase
experiment) at APQMP sites (Table 1). For the CAPMoN
sites, the correlation values for SO=4 are slightly better for
the multi-phase and Wang2014 experiments (R = 0.92 and
0.93); however, the NMB value is smaller for the base exper-

iment (NMB= 0.10, compared to 0.27 and 0.30 for the other
two runs). All of these NMB values are improved compared
to the earlier study of Makar et al. (2018) using a previous
version of GEM-MACH, wherein wet sulfate precipitation
fluxes were biased high (the slope of the linear fit of 2.2),
although the low bias for the base experiment suggests this
overall improvement may be due to other changes aside from
wet scavenging. The latter reference suggested the high bias
may reflect an underestimation of the SO2 dry deposition flux
closer to the oil sands sources, and a corresponding overes-
timation of in sulfate particles downwind. More recent work
(Hayden et al., 2021) suggests that an underestimate in mod-
eled SO2 dry deposition fluxes relative to observations may
be due to previously missing impacts of co-deposition of base
cations on surface pH and hence SO2 dry deposition velocity.
Although CAPMoN and APQMP sites are located far from
the oil sands SO2 emission sources; the plots seem to indicate
a positive bias only in modeled S wet flux from the base case
experiment at the APQMP sites, which has diminished in the
other two experiments. Biases in S wet deposition were neg-
ative at the CAPMoN sites. We note that the current model
emissions year (2018) has lower reported SO2 emissions than
the 2013 emissions year simulated in Makar et al. (2018),
though discrepancies between reported and satellite-derived
SO2 emissions have been noted (McLinden et al., 2021). The
current model version also has higher particle dry deposition
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Figure 12. Scatter plots for the precipitation amounts (a–c), SO=4 (d–f), NO−3 (g–i) and NH+4 (j–l) wet deposition fluxes (µmol m−2) for
April. The pairs given are CAPMoN and APQMP versus GEM-MACH simulations: base case versus observation (left panels), multi-phase
versus observation (middle panels) and Wang2014 versus observation (right panels).
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Figure 13. April 2018 mean fine particulate sulfate (SU2.5) concentration near the surface (a). The net difference between multi-phase and
base case (b) and the net difference between Wang2014 and multi-phase (c). The corresponding 90 % confidence interval scores are shown
in the lower panels.

velocities than in Makar et al. (2018), following Emerson et
al. (2020), hence results in less particle sulfate being avail-
able for wet scavenging near the surface.

Overall, GEM-MACH estimates of wet deposited nitro-
gen are slightly biased low relative to observations. For both
APQMP and CAPMoN, NO−3 has better correlation val-
ues (R = 0.58 and 0.76, respectively) for the multi-phase
and Wang2014 experiments relative to the base case. GEM-
MACH experiments have relatively similar statistical scores

for the APQMP NH+4 results, with the highest factor 2 value
for the Wang2014 (Fac2 = 0.71). CAPMoN NH+4 shows
slightly a better correlation (R = 0.69) and a better NMB for
the Wang2014 experiment.

3.3 Comparison with speciated PM data (NAPS)

The impacts of partitioning and Wang2014 scavenging on
modeled ambient concentrations of speciated PM2.5 (sulfate
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Figure 14. April 2018 mean fine particulate nitrate (NI2.5) concentration near the surface (a). The net difference between multi-phase and
base case (b) and the net difference between Wang2014 and multi-phase (c). The corresponding 90 % confidence interval scores are shown
in the lower panels.

(SU), nitrate (NI) and ammonium (AM)) near the surface for
April 2018 are shown in Figs. 13, 14 and 15, respectively.
The upper panels are the April mean of SU2.5, NI2.5, and
AM2.5 for the base case; the middle left panels show the
net difference between multi-phase and base-case Slinn1984
experiments; and the middle right panels show the net differ-
ence between Wang2014 and multi-phase experiments. Cor-

responding 90 % confidence interval scores for the difference
plots are shown in the lower panels. Multi-phase partition-
ing leads to a higher modeled concentration of particulate
sulfate in the atmosphere, and the increases are statistically
significant at the 90 % confidence level. For particulate ni-
trate, partitioning leads to both increased and decreased con-
centrations, depending on location. However, based on the
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Figure 15. April 2018 mean fine particulate ammonium (AM2.5) concentration near the surface (a). The net difference between multi-phase
and base case (b) and the net difference between Wang2014 and multi-phase (c). The corresponding 90 % confidence interval scores are
shown in the lower panels.

confidence level panels, the overall increase in particulate ni-
trate over the OS source area and downwind is not significant
at the 90 % confidence level. For particulate ammonium, the
increase in the concentration associated with the partitioning
approaches is the dominant change over the entire region,
while a decrease occurs near the oil sands emissions sources.

Figure 16 and Table 2 show GEM-MACH simulation re-
sults of speciated aerosols in the 2.5 km domain compared

with the daily NAPS observation data for April 2018. For
particulate sulfate, both multi-phase and Wang2014 experi-
ments have lower NMB compared to the base case, and the
correlation value is improved for the Wang2014. Particulate
nitrate model outputs show almost the same statistical eval-
uation results for all three experiments, and the correlation
between the measured and model using Wang2014 scheme
is the highest for the ammonium. Overall, the results show
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Figure 16. GEM-MACH simulation results of speciated aerosols, sulfate (a–c), nitrate (d–f) and ammonium (g–i), compared with the daily
NAPS observation data for April 2018. Base case (or Slinn, 1984 scheme) versus observation (a, d, g), multi-phase versus observation (b, c,
h) and Wang2014 versus observation (c, f, i).

enhanced performance in the multi-phase experiment partic-
ularly over the source area and downwind. Model simula-
tions making use of Wang2014 show mostly enhanced per-
formance over OS facilities area and downwind and a reduc-
tion over the area upwind of the OS, and these results are
consistent with the changes in the wet scavenging.

4 Conclusions

To examine cloud processes and precipitation chemistry, we
considered the co-existence of multi-phase precipitation, as
predicted by the GEM microphysics, in GEM-MACH’s BCS
representation. Further, we implemented a new aerosol BCS
scheme (Wang et al., 2014) and compared it with the GEM-
MACH’s existing scavenging scheme, based on Slinn (1984).
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Table 2. Performance scores for the near-surface concentrations of
speciated aerosols, sulfate, nitrate and ammonium in the 2.5 km
domain compared with the daily NAPS observation data for
April 2018.

NAPS

R NMB Fac. 2

Base case 0.65 −0.41 0.54
Sulfate Multi-phase 0.69 −0.38 0.58

Wang2014 0.70 −0.38 0.58

Base case 0.70 7.18 0.04
Nitrate Multi-phase 0.70 7.32 0.04

Wang2014 0.70 7.07 0.04

Base case 0.48 2.27 0.46
Ammonium Multi-phase 0.45 2.35 0.46

Wang2014 0.50 2.26 0.46

An accurate representation of the precipitation phase is im-
portant in modeling the wet scavenging of atmospheric trac-
ers, particularly in cold environments. Considering the coex-
istence of multi-phase precipitation in BCS has a more con-
sistent impact on the precipitation scavenging of SO2. Here
we have noted overall improvements in model performance
based on the model–observation performance scores associ-
ated with multi-phase partitioning and in comparison to wet
deposition evaluations carried out in the region in previous
work (Makar et al., 2018). For example, the multi-phase ap-
proach resulted in the most significant improvement in mod-
eled SO=4 wet deposition flux over Alberta (at APQMP sites,
reducing NMB from 0.46 to −0.05), as well as improve-
ment in modeled ambient particulate sulfate concentration at
NAPS sites.

As shown in this study and other existing studies, there
is a considerable uncertainty in the various existing parame-
terizations for BCS of aerosol particles. Of the two schemes
examined, the Slinn (1984) parameterization is theoretically
based and lacks representation of several physical processes
involved in the particle scavenging by falling hydrometeors
(such as thermophoresis and diffusiophoresis). The Wang et
al. (2014) scheme is based on a semi-empirical approach
and implicitly accounts for electrostatic forces, which are
shown to be more important than diffusiophoresis in Jones et
al. (2022). This scheme provided an overall best fit to an en-
semble of existing models, although there is still a significant
disparity between the scavenging coefficients based on Wang
et al. (2014) and some of the observation-based scaveng-
ing coefficients (e.g., Jones et al. 2022). The resulting scav-
enging coefficients from the two schemes (Slinn1984 and
Wang2014) show the greatest difference for aerosol sizes be-
tween 0.1 to 1 µm, particularly at high precipitation intensity.
For the solid precipitation at lower intensity, the two schemes
diverge for aerosols smaller than 1 µm, while at higher pre-

cipitation intensities the two schemes show higher disparity
for aerosols larger than 1 µm. This resulted in the varied dif-
ferences in modeled wet deposition (April – winter, July –
summer), and an especially high Wang2014 scavenging coef-
ficient for particles smaller than 1 µm during April and higher
particle wet deposition fluxes from using Wang2014 than us-
ing Slinn1984.

The model evaluation against observations (precipitation
chemistry and ambient air concentration of speciated PM)
seems to indicate that the use of Wang2014 parameteriza-
tion along with the consideration for co-existence of multi-
phase precipitation results in the best scores overall, with
the most significant improvement from the multi-phase parti-
tioning in BCS. The multi-phase partitioning and Wang2014
scheme improve the comparison between observation and
modeled results. Comparison of the SO=4 data from the
APQMP sites with the simulation results suggests better
agreement by including the multi-phase partitioning and fur-
ther improvement in agreement associated with the Wang
et al. (2014) scavenging scheme. GEM-MACH estimates
of wet deposited nitrogen are biased slightly low, and the
simulated results improve by adding the partitioning and
Wang2014 scheme (relative to the base case). GEM-MACH
experiments have relatively similar statistical scores for NH+4
results. Including the partitioning and Wang2014 scaveng-
ing impacts the modeled ambient concentration of speciated
PM2.5 (sulfate, nitrate and ammonium). It leads to improve-
ments in the model performance scores, with higher modeled
concentration of particulate sulfate, and both increase and de-
crease in particulate nitrate concentration – with an overall
increase over, the OS source area and downwind. For par-
ticulate ammonium, the increase in the concentration is the
dominant change over the entire region.

Code and data availability. The GEM-MACH code
can be downloaded from the following Zenodo site:
https://doi.org/10.5281/zenodo.10563851 (Ghahreman, 2024).
GEM-MACH model output data are available via email request
from Roya Ghahreman: roya.ghahreman@ec.gc.ca. The model
output requires a large amount of storage space and is in a binary
format specific to Environment and Climate Change Canada’s
modeling systems. Conversion to other formats may be possible
upon request via email.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-17-685-2024-supplement.
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