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Abstract Aerosols emitted from volcanic activities and
polluted mid-latitudes regions are efficiently transported
over the Arctic during winter by the large-scale atmo-
spheric circulation. These aerosols are highly acidic. The
acid coating on ice nuclei, which are present among these
aerosols, alters their ability to nucleate ice crystals. In this
research, the effect of acid coating on deposition and
contact ice nuclei on the Arctic cloud and radiation is
evaluated for January 2007 using a regional climate model.
Results show that the suppression of contact freezing by
acid coating on ice nuclei leads to small changes of the
cloud microstructure and has no significant effect on the
cloud radiative forcing (CRF) at the top of the atmosphere
when compared with the effect of the alteration of depo-
sition ice nucleation by acid coating on deposition ice
nuclei. There is a negative feedback by which the sup-
pression of contact freezing leads to an increase of the ice
crystal nucleation rate by deposition ice nucleation. As a
result, the suppression of contact freezing leads to an
increase of the cloud ice crystal concentration. Changes in
the cloud liquid and ice water contents remain small and
the CRF is not significantly modified. The alteration of
deposition ice nucleation by acid coating on ice nuclei is
dominant over the alteration of contact freezing.
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1 Introduction

The Arctic is highly polluted during the cold season with
high concentrations of aerosols being often observed
(Schnell 1984; Yli-Tuomi et al. 2003; Law and Stohl
2007). These aerosols, which are mainly emitted over
northern European cities, China, and Siberia (Shaw 1995),
are transported from the mid-latitudes to the Arctic by
large-scale atmospheric circulations (Bourgeois and Bey
2011; Fisher et al. 2011; Barrie et al. 1989; Shaw 1995).
This transport is favored by the southward progression of
the polar front during winter in the Northern Hemisphere.
Anthropogenic aerosols are emitted north of the front in an
environment with little precipitation, resulting in limited
loss of aerosols by wet deposition. The aerosol component
consists of a significant fraction of highly acidic sulphate,
and previous work has shown that almost all of the sub-
micron aerosol particles are coated with this highly acidic
sulphate (Bigg 1980; Cantrell et al. 1997).

Laboratory studies have shown that acid coating on well-
known efficient ice nuclei (IN) such as dust particles has a
substantial effect on their ability to nucleate ice crystals in
the deposition mode. For instance, Eastwood et al. (2009)
have shown that the onset relative humidity with respect to
ice at which ice nucleation occurs on sulphuric acid-coated
kaolinite particles is substantially increased when compared
with uncoated kaolinite particles. Ice nucleation on sul-
phuric acid-coated kaolinite particles is therefore energeti-
cally much more difficult. Similar results were also
obtained in other laboratory studies (Ettner et al. 2004;
Archuleta et al. 2005; Knopf and Koop 2006; Salam et al.
2007; Cziczo et al. 2009; Sullivan et al. 2010; Chernoff and
Bertram 2010; Niedermeier et al. 2010).

The above-mentioned laboratory studies have focused
on deposition ice nucleation and immersion freezing. In the
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former case, ice nucleation occurs on a solid particle from
the vapor phase, while in the latter case ice nucleation
occurs on a solid particle immersed in either an aqueous
solution in sub saturated air with respect to liquid water
(un-activated haze droplet) or in an activated cloud water
droplet. According to Pruppacher and Klett (1997), two
other ice nucleation modes are also possible. In the con-
densation-freezing mode, an aerosol particle at tempera-
tures below 0 °C acts as CCN to form a drop which freezes
at some time during the condensation stage. Finally, in the
contact mode, ice nucleation occurs on a solid particle in
contact with a water droplet.

Previous modeling studies have shown that acid coating
on deposition IN can have a substantial effect on ice and
mixed-phase cloud microstructure and radiative forcing
over the Arctic during the cold season (Girard et al. 2005;
Du et al. 2011; Girard et al. 2013). Acid coating on
deposition IN leads to the formation of fewer and larger ice
crystals. Ice clouds are therefore optically thinner and their
vertical structure is more uniform with similar concentra-
tion of precipitating crystals throughout the cloud.
Uncoated deposition IN lead to the formation of ice clouds
composed by a larger concentration of small ice crystals
with the largest ice crystal concentration near cloud top.
These studies have also shown that mixed-phase cloud
frequency is increased when IN are coated with sulphuric
acid. Radiatively, the combined effects of the increased
emissivity of mixed-phase clouds and the increased trans-
missivity of the optically thinner upper ice clouds result in
a decrease of the cloud radiative forcing (CRF) at the top of
the atmosphere (TOA) and a tropospheric cooling ranging
between 0 and 3 K. Jouan et al. (2012, 2013) have also
shown from in situ measurements, back trajectory and
remote sensing tools, the relationship between acid coating
on IN and ice cloud microphysical properties mentioned
above for ice cloud cases observed over the North Slope of
Alaska in 2007.

In the above-mentioned modeling studies, it was
assumed that contact freezing was not altered by the sul-
phuric acid coating on IN. Although no evidence exists yet
from laboratory studies, it is also likely that sulphuric acid
coating equally affects contact freezing. Once fully
immersed in a solution, the direct contact between the IN
and a water droplet is not possible anymore, unless the ice
nucleus is only partially immersed. However, other contact
freezing processes remain possible. Several observations in
cumuli and stratiform clouds have reported an enhance-
ment of ice crystals in regions where cloud droplets
evaporate (Hobbs and Rangno 1985; Cooper 1986, 1995;
Beard 1992; Rangno and Hobbs 1994; Field et al. 2001;
Cotton and Field 2002; Ansmann et al. 2005; Baker and
Lawson 2006). It has been hypothesized that contact
freezing could occur in the contact mode during
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evaporation. Based on these observations, Durant and
Shaw (2005) have performed laboratory experiments and
shown that contact freezing also occurs from the inside-out.
It is reasonable to assume that the inside-out contact
freezing would also be altered by sulphuric acid coating.
Indeed, according to Sullivan et al. (2010), the de-activa-
tion effect of sulphuric acid on dust particles is irreversible
and is still active once the acid is highly diluted or neu-
tralized. Therefore, contact freezing is likely to be altered
even in the inside-out contact freezing.

Morrison et al. (2005) have assessed the relative
importance of contact freezing and deposition ice nucle-
ation using a 1D model. They found that contact freezing
was the dominant ice nucleation mechanism in mixed-
phase clouds due to the rapid depletion of deposition IN.
The self-regulatory behavior of contact freezing in mixed-
phase clouds contributes to the formation of long-lived
co-existence of liquid and ice. In their study, neither
deposition nor contact IN were coated by sulphuric acid.
It should be noted that immersion freezing of activated
water droplets was neglected in their simulations. Other
studies in laboratory and field experiments suggest that
the freezing nucleation dominates over the deposition
nucleation (e.g., Ansmann et al. 2009; Field et al. 2006).
Finally, some studies have shown that deposition ice
nucleation is the dominant nucleation mode and that
contact freezing is only a minor contributor in Arctic
mixed-phase clouds (Harrington et al. 1999; Harrington
and Olsson 2001).

This study aims to assess the relative importance of ice
nucleation modes both in clean (uncoated IN) and polluted
(sulphuric acid-coated IN) air masses over the Arctic dur-
ing a winter month. In Sects. 2 and 3, the model and the
experimental set-up are described. Results are described in
Sect. 4 and discussed in Sect. 5. A conclusion follows in
Sect. 6.

2 Model description

The Global Environmental Multiscale (GEM) model is
used in this study. The numerical formulation of GEM can
be found in COté et al. (1998). The physics package
includes the radiation scheme of Li and Barker (2005) and
the surface scheme Interactions Soil-Biosphere—Atmo-
sphere (ISBA) developed by Noilhan and Planton (1989).
Stratiform precipitation is parameterized using a modified
version of the Milbrandt and Yau (2005) microphysics
scheme. The modifications made to the parameterizations
of ice nucleation processes are described below.

This is a two-moment microphysics scheme. The hy-
drometeors are divided into six classes including cloud
droplets, cloud ice crystals, raindrop, snow, graupel and
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hail. The hydrometeor size distribution is described by a
gamma function, N(D) = NoD*e*P_ in which N and 1 are
referred to the intercept and the slope, D is the diameter of
hydrometeors and A is the spectral shape parameter that has
a constant value. The parameterizations used to simulate
other microphysical processes can be found in Milbrandt
and Yau (2005).

Deposition and condensation freezing are a function of
ice supersaturation following Meyers et al. (1992). Contact
freezing is parameterized following Cotton et al. (1986)
and Walko et al. (1995), in which the number concentration
of contact IN is parameterized as a function of temperature
following Meyers et al. (1992). Immersion freezing of
activated rain and cloud water droplets follows the
parameterization of Bigg (1953). The parameterization for
homogeneous freezing of water droplets follows DeMott
et al. (1994).

Substantial modifications have been made to the original
version of the microphysics scheme to account for the
heterogeneous ice nucleation on both uncoated and coated
IN. Four modes of heterogeneous ice nucleation are rep-
resented in this modified version of the microphysics
scheme: deposition ice nucleation, contact freezing,
immersion and condensation freezing of un-activated haze
droplets, immersion freezing of activated cloud droplets.
No modifications have been made to the original scheme
for the parameterization of contact freezing. Deposition ice
nucleation on uncoated IN and immersion freezing of
sulphuric acid-coated IN are parameterized following
Girard et al. (2013). These parameterizations are based on
the classical nucleation theory (CNT) of Fletcher (1962). In
the CNT, the nucleation rate depends on the contact angle
between the ice embryo and the IN. The contact angle is
derived based on the laboratory experiments of Eastwood
et al. (2008, 2009) on uncoated (6 = 12°) and sulphuric
acid-coated (6 = 27°) kaolinite particles. The concentra-
tion of ice crystals (V;) nucleated in a given time step
(At) is given by:

Ni = Naws[1 — exp(—J (0)A41)] (1)

where J is the nucleation rate, Ng, is the concentration of
dust particles and A is the dust surface area.

The CNT approach with a constant contact angle has
been evaluated and compared to other ice nucleation
parameterizations by Du et al. (2011) for the simulation of
the clouds and radiation observed during the Surface Heat
and Energy Budget of the Arctic (SHEBA) campaign.
Results show that this approach simulates quite well the
cloud liquid and ice water paths and the CRF at the surface,
in particular during the polar night. For this reason and
because the contact angle PDF (probability density func-
tion) for sulphuric acid-coated dust particles is not avail-
able, the constant contact angle approach is used in this

study. It should be noted that the PDF approach for the
contact angle has been tested for our simulations and the
results are very close to the constant angle approach in
terms of CRF and temperature.

3 Numerical configuration

In this study, the integration domain is rectangular
(9,100 km x 7,700 km) and is centered over the Arctic. It
covers all areas north of 50°N including the Arctic Ocean, the
North Atlantic and Pacific Oceans, most of Europe, Northern
Asia, Iceland, Greenland, Siberia and Northern Canada. The
horizontal resolution is 0.25° with 364 latitudinal grid points
and 308 meridional grid points including a 12-point sponge
zone. Results are analyzed on a sub-domain of 8,500 km by
7,100 km to eliminate the sponge zone. The simulations are
performed with 53 vertical levels from 1,000 to 10 hPa with
the highest resolution in the lower levels. The initial and
lateral boundary conditions are provided by the European
Centre Meteorological Weather Forecasting Centre (EC-
MWEF) analysis data. The analyzed fields are available on 18
pressure levels (1,000, 925, 850, 775, 700, 600, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa) on a
longitude/latitude grid with a 2° by 2° spatial resolution at
every 6 h (i.e. at 00, 06, 12 and 18 GMT) for December 2006
and January 2007. The variables are then interpolated to the
GEM grid. Sea ice and sea surface temperature are from
AMIP2 (Atmospheric Model Intercomparison Project)
(Hurrell et al. 2008). They are available on a grid at a hori-
zontal resolution of 1° by 1°. They are then interpolated to the
GEM grid. Cubic and linear interpolations are used in space
and time, respectively.

The model internal variability for the Arctic climate is
relatively high during winter (Rinke et al. 2004; Girard and
Bekcic 2005). Hence, a large number of simulations are
required to distinguish the investigated climate signal from
the model internal variability. Each simulation within an
ensemble is initialized with different conditions by
advancing or retreating the initial data by 12 h following
Rinke and Dethloff (2000). In our experiments, ten simu-
lations of each aerosol scenario were performed.

Table 1 shows the simulated aerosol scenarios with their
acronyms. There are four aerosol scenarios: NAT-ON is an
aerosol scenario in which there is no acid coating on IN
with the contact freezing set to ON, NAT-OFF is similar
except that the contact freezing is set to OFF, AC-ON
assumes that there is acid coating on IN with contact
freezing set to ON, and AC-OFF is similar to AC-ON
except that contact freezing is set to OFF. The other ice
nucleation modes considered are: deposition ice nucleation
for the NAT scenarios and immersion freezing of coated IN
for the AC scenarios.
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Table 1 Contact angle, contact freezing, acid coating and modes of
ice nucleation in the four aerosol scenarios used in the simulations

NAT-ON NAT-OFF AC-ON AC-OFF
Contact freezing  Yes No Yes No
Immersion No No Yes Yes
freezing
Deposition Yes Yes No No
freezing
Acid coating No No Yes Yes
Contact angle (°) Constant Constant Constant Constant
12 12 27 27

Immersion freezing refers to unactivated haze droplets. Immersion
freezing of activated cloud droplets is allowed in all scenarios

Some assumptions are made for the concentration of
dust particles (Ngys in Eq. 1) and their spatial and temporal
variabilities. Following Girard et al. (2013), a constant
value in time and space (0.38 em ™) for Ny is assumed
since the model does not simulate aerosol transport and
physics. This means that there are no sources and sinks of
dust particles. Girard et al. (2013) have evaluated the
sensitivity of the model results to the aerosol concentration
for the NAT-ON and AC-ON aerosol scenarios. They
found that the NAT-ON scenario was quite sensitive to
Ngust> While the AC-ON scenario was not sensitive to Ngyg
because the Gibbs free energy for the formation of the ice
embryo is much larger in AC-ON. Although the assumed
concentration is representative of past observations (Girard
et al. 2013), the dust concentration is highly variable in
both time and space and may reach larger values and/or
much smaller values. Furthermore, it is assumed that
kaolinite is representative of the atmospheric dust particles
in terms of ice nucleation ability. Finally, the dust radius
used in our simulations is 0.5 pm.

4 Results

Figure 1 shows the mean sea level pressure for January
2007 from the ECMWF analysis. There is a low-pressure
system with two centers: one located north of Scandinavia
and the second one just south of Greenland. A third low-
pressure system is located over the Aleutians and a strong
anticyclone dominates over Siberia. This synoptic pattern
favors the transport of aerosols and warmer air from the
mid-latitudes to the Arctic through East Asia and Alaska.
Table 2 shows the January mean MSLP (mean sea level
pressure), temperature at 850 hPa and geopotential height
at 500 hPa from the ECMWF analysis and the model
simulations with the four aerosol scenarios. These values
are averaged over a sub-domain deliminated by the sea ice
boundaries. The sea ice boundary is defined as the
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southward grid point with more than 50 % sea ice cover
north of 60°N (see Fig. 1). Grid points with less than 50 %
sea ice were excluded from the mask. The MSLP from all
aerosol scenarios is slightly overestimated by 2—4 hPa. The
temperature at 850 hPa is well reproduced with biases of
<1 K. Finally, the geopotential height at 500 hPa is also
well captured by the model with biases of <3 dam. Overall,
the model simulates quite well the main atmospheric
variables for January 2007.

Figure 2 shows the January mean vertical profiles of the
ice water content and ice crystal number concentration
averaged over the sea ice mask mentioned above. As
expected, the ice water content and the ice crystal number
concentration substantially decrease in both acid-coated
aerosol scenarios AC-ON and AC-OFF when compared
with the uncoated aerosol scenarios NAT-ON and NAT-
OFF. These results are in agreement with the results
obtained by Girard et al. (2013) for January and February
2007. In the AC aerosol scenarios, the ice crystal nucle-
ation rate is substantially reduced in the immersion mode
due to the larger contact angle associated to the acid
coating on the IN. The effect of contact freezing on the ice
water content and crystal number concentration in NAT
(NAT-ON and NAT-OFF) and AC scenarios (AC-ON and
AC-OFF) is small. Surprisingly, contact freezing contrib-
utes to slight decrease of both the ice water content and the
ice crystal number concentration in the NAT scenarios and
to a lesser extent in the AC scenarios.

Figure 3 shows the January mean vertical profile of the
liquid water content and droplet number concentration
averaged over the sea ice mask for the four aerosol sce-
narios. In the AC aerosol scenarios, the liquid water con-
tent and number concentration of cloud droplets
substantially increase by one order of magnitude. This is
consistent with the results obtained in Girard et al. (2013).
Contact freezing has a negligible effect in the NAT sce-
nario and a small effect in the AC scenario with an increase
of the liquid water content and droplet number concentra-
tion, when contact freezing is set to ON.

The increase of liquid water content and the decrease of
the ice water content, when contact freezing is set to ON,
are somewhat counter intuitive. One possible explanation is
a negative feedback by which the contribution of contact
freezing would lead to a decrease of ice nucleation by
deposition. Deposition ice nucleation strongly depends on
the relative humidity with respect to ice. A potential
change in the deposition ice nucleation rate must neces-
sarily be seen through a change in the relative humidity
with respect to ice.

Figure 4a and b show the January mean vertical profiles
of relative humidity with respect to ice averaged over the
sea ice mask for NAT-ON and NAT-OFF and for AC-ON
and AC-OFF, respectively. In the NAT aerosol scenarios,
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Fig. 1 Mean sea level pressure 1040

(MSLP in hPa) form the

ECMWEF analysis averaged over

January 2007
1032
1024
1016
1008
1000
992
984

Table 2 January mean temperature at 850 hpa (T850), mean sea
level pressure (MSLP), geopotential height at 500 hPa (GZ500)
averaged over the sea ice mask from the four aerosol scenario sim-
ulations and from the ECMWF analysis

Analysis NAT- NAT- AC- AC-
ON OFF ON OFF
MSLP (hPa) 1,009.0 1,012.6 1,011.9 1,012.8 1,013.0
T850 (K) 260.4 261.0 261.0 260.6  260.3
GZ500 521.0 524.0 523.6 52377 5234
(dam)

the ice saturation ratio significantly decreases when contact
freezing is set to ON; while in the AC aerosol scenarios,
contact freezing has no effect whatsoever on the ice

saturation ratio. Some cloud water droplets freeze by
contact nucleation in the NAT-ON scenario. Consequently,
in an ice supersaturated environment, a part of the available
water vapor deposits onto the surface of these ice crystals.
This phenomenon contributes to reduce the relative
humidity with respect to ice in the NAT-ON scenario to
lower values when compared with the NAT-OFF scenario.
Deposition ice nucleation strongly depends on the onset
relative humidity with respect to ice. In the NAT-ON
scenario, the threshold value required for deposition ice
nucleation is not reached as often as in the NAT-OFF
scenario due to the contribution of contact freezing. This
reduces the deposition ice nucleation rate and subsequently
slightly reduces the total number of active IN in the

Fig. 2 January mean vertical
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Fig. 3 January mean vertical : —NAT-OFF T  — —
profiles of the cloud liquid (@) —ncorr | (®) — Aol
mixing ratio (*1.e—03 g kg™") -.-Tzé_g?qN Tf:é_To-ﬁN
and droplet concentration 400 e e 400 | —
(*1.e05 m™>) averaged over the = =
sea ice mask for the NAT-ON, % 500 % 500
NAT-OFF, AC-ON and @ >
AC-OFF aerosol scenarios E 600 \ ;:; ik
a- 700 o & 700 \‘\
800 b 800 | e YR
%0 = %00 o
T 0 0.001 0.002 0.003 0.004 0.005 i) 1 2 3 4 5 6
Mean cloud liquid water content (g/kg) Mean cloud liquid water number
concentration (Nb/m3) *1e5
Fig. 4 January mean vertical (a)300 —natore]  (b)300 —ACOFF|
profiles of the saturation ratio |—NAT-ON | —AC-ON
with respect to ice averaged 400 400
over the sea ice mask for
(a) NAT-ON and NAT-OFFand - 500 = 500
(b) AC-ON and AC-OFF e &
aerosol scenarios ‘E’ 600 “;’ 600
5 5
5 700 § 700
& goo & g00
900 900
1000 i 1000 : : i
65 70 75 80 8 90 95 100 105 65 70 75 80 8 90 95 100 105

Relative humidity with respect to ice (%)

NAT-ON scenario. This finally results in a small decrease
in the ice mixing ratio and ice crystal number concentration
compared to NAT-OFF.

Figures 2 and 3 show that, in the AC aerosol scenarios
(AC-ON and AC-OFF), contact freezing does not affect
much the ice crystal number and mass concentration.
However, the liquid water content and number concentra-
tion substantially increase when contact freezing is set to
ON. The discussion about the NAT aerosol scenarios above
is also valid for the AC aerosol scenarios. However, the
nucleation rate of ice crystals by immersion is very small in
the AC aerosol scenarios. Therefore, differences between
AC-ON and AC-OFF are reduced to very small values for
the ice crystal mass and number concentrations. Since the
ice supersaturation is large in the AC aerosol scenarios
compared to the NAT aerosol scenarios, a decrease of the
ice crystal number concentration has a substantial effect on
the Wegener—Bergeron—Findeisen effect by limiting the
deposition rate of water vapor on ice crystals, which
depends on the concentration and size of ice crystals
(Korolev and Mazin 2003). Therefore, the liquid water
content remains larger in the AC-ON scenario compared to
the AC-OFF scenario. The fact that the temperature is
slightly warmer in the AC-ON scenario compared to AC-
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OFF (see Fig. 7) also contributes to the increase of liquid
water, since both immersion and contact freezing depends
on temperature.

These results show that the contribution of contact
freezing remains small in terms of cloud microstructure
changes over the Arctic in January 2007. However, Girard
et al. (2013) have shown that small changes in the mid and
upper ice water content can have a significant impact in the
CRF at the TOA over the Arctic during winter. Figure 5
shows the January mean CRF at the TOA produced by acid
coating on the IN for the case where contact freezing is ON
(AC-ON minus NAT-ON) and OFF (AC-OFF minus NAT-
OFF). In both cases, there is a widespread area over most
of the sea ice mask with negative CRF values reaching up
to —10 W m ™~ locally. Negative CRF values correspond to
places where the ice water path decrease is the largest in
the acidic scenarios (AC-ON and AC-OFF) when com-
pared with the uncoated aerosol scenarios (NAT-ON and
NAT-OFF) (figure not shown). The CRF change at the
TOA is strongly linked to the ice water path change (see
Fig. 6) between the uncoated and acid scenarios. In the
acid scenarios, the mid and upper troposphere is more
transparent to infrared radiation coming from the lower
levels and the surface leading to a negative CRF. Table 3
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Fig. 5 January mean cloud
radiative forcing anomaly at the
top of the atmosphere

(*10 W m_z) when contact
nucleation is (a) ON (AC-ON
minus NAT-ON) and (b) OFF
(AC-OFF minus NAT-OFF)

shows that the average CRF anomalies over the sea ice
mask are —3.15 and —3.20 W m ™2 for the aerosol sce-
narios with and without contact freezing, respectively. The
slightly larger CRF anomaly associated to AC-OFF and

NAT-OFF is due to the larger decrease of the ice water
path in these scenarios compared to the ice water path
decrease in the AC-ON and NAT-ON scenarios. At the
surface, the CRF anomalies for both ON and OFF scenarios
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Fig. 6 Co-variation of the daily mean cloud forcing anomalies
(W m™2) at the top of the atmosphere and the daily mean vertically
integrated ice water path anomaly (Kg m™~?) anomalies for the (a) ON
aerosol scenarios and (b) the OFF aerosol scenarios. These values are
averaged over the sea ice mask

Table 3 January mean ON anomalies (AC-ON minus NAT-ON) and
OFF anomalies (AC-OFF minus NAT-OFF) averaged over the sea ice
mask for the cloud radiative forcing at the top of the atmosphere (CRF
TOA) and at the surface (CRF SUR) (W m~2) and temperature at
1,000, 850 and 500 hPa (K)

ON anomalies OFF anomalies

CRF TOA (W m™2) -3.15 —-3.20
CRF SUR (W m™?) —0.80 -0.23
T1000 (K) —0.89 —1.28
T850 (K) —-0.78 132
T500 (K) —0.01 —0.63
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remain slightly negative but close to 0. In the AC scenarios,
there is a positive contribution to the CRF from the
increase of the liquid water path, which is compensated by
the negative contribution of the colder clouds.

Figure 7 shows the January mean vertical profile of
temperature for the ON and OFF aerosol scenarios. In these
aerosol scenarios, the January mean cooling is maximum
near the surface with values around —1 K and gradually
decreases upper in the troposphere to values close to 0 K
(see Table 3). The magnitude and regions where the
cooling is the largest mostly correspond to regions where
the CRF anomalies are negative (see Fig. 5). Peak values
close to —3 K at 850 hPa are located over Northern Alaska
and Northern Siberia. Results show that the tropospheric
cooling associated with acid coating on IN is slightly larger
when contact freezing is neglected.

5 Discussion

Contact freezing differs from the three other heterogeneous
ice nucleation processes (deposition, condensation-freez-
ing, immersion freezing) in that a collision between an IN
and a droplet is required for the nucleation of an ice crystal
once the onset temperature for freezing is reached. The
collision rate will depend on the IN concentration. On the
other hand, deposition, immersion and condensation-
freezing ice nucleation processes occur as soon as the onset
relative humidity is reached with no additional required
process such as collision with water droplets. Therefore,
the relative contribution of contact freezing should strongly
depend on the IN concentration, which partly determines
the collision rate of IN with water droplets. In the simu-
lations performed for this study, the Meyers et al. (1992)
contact IN parameterization has been used. One may
wonder whether results would have been different, if
another approach or parameterization had been used. One
possible and perhaps more realistic approach is the explicit
simulation of dust and a more physically based nucleation
rate by contact freezing based on laboratory studies.
There have been relatively few laboratory studies on
contact freezing when compared with other ice nucleation
modes (Pitter and Pruppacher 1973; Levin and Yankofsky
1983; Diehl and Mitra 1998; Diehl et al. 2002; Durant and
Shaw 2005; Shaw et al. 2005; Svensson et al. 2009; Fornea
et al. 2009; Ladino et al. 2011). These past studies have
shown that most IN (such as mineral dust, bacteria, pollen
and volcanic ash) nucleate ice at warmer temperatures than
immersion freezing and deposition in the contact mode by
up to 10 °C, thus suggesting that contact freezing should
dominate other heterogeneous ice nucleation modes. Con-
tact freezing involves (1) the collision between an IN and a
droplet and (2) the freezing of the droplet. The laboratory
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Fig. 7 January mean vertical profile of temperature for the (a) ON
aerosol scenarios and (¢) OFF aerosol scenarios averaged over the
sea-ice mask. January mean temperature anomaly at 850 hPa (K) for

studies cited above do not always allow evaluating the
efficiency of the whole process. In some laboratory studies
(e.g., Fornea et al. 2009), the cold plate methodology was
adopted. In this experimental approach, the IN are
mechanically put into contact with a droplet without the
need for a collision. In other studies (e.g., Diehl et al.
2002), wind tunnel experiments were performed in which a
collision with an IN is required for contact freezing.
However, in most of the wind tunnel experiments, the
aerosol concentration and sizes were not documented. In
some studies, the aerosol and/or droplet sizes were not
always relevant to the atmosphere. More recently, Ladino
et al. (2011) performed a contact freezing experiment with
kaolinite particles with documented droplet size, aerosol
size and concentration relevant to the atmosphere. Results
showed that a kaolinite concentration larger than 100 cm >

the (b) ON aerosol scenarios (AC-ON minus NAT-ON) and (d) OFF
aerosol scenarios (AC-OFF minus NAT-OFF)

was required to get a significant frozen fraction of droplets
above the detection limit of their instrument. Such rela-
tively large concentrations are required due to the low
collision efficiency of water droplets with aerosol particles,
which is of the order of 0.001 given their respective sizes
(Wang et al. 2010).

According to the empirical relationship of Meyers et al.
(1992), the IN concentration varies from 0.003 cm > at
—15 °C to 0.158 cm ™ at —30 °C. These values are three
orders of magnitude smaller than the required IN concen-
tration to get a significant frozen fraction of water droplets
reported by Ladino et al. (2011). The results obtained in
this study on the relatively small importance of contact
freezing on the cloud microstructure are therefore in
agreement with the laboratory study of Ladino et al.
(2011).
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One may wonder whether the contact IN concentration
given by the empirical relationship of Meyers et al. (1992)
is realistic for the Arctic during winter. For a given tem-
perature, the contact IN concentration depends on the total
concentration of aerosols potentially acting as IN. Several
IN such as pollen grains, bacteria and volcanic ash are
giant aerosols, which are rapidly removed from the atmo-
sphere either by dry or wet deposition. Mineral dust par-
ticles have smaller sizes and can be transported over longer
distance. Most IN are composed by a large fraction of dust
in the Arctic (Rogers et al. 2001; DeMott et al. 2003;
Prenni et al. 2007; Richardson et al. 2007; Prenni et al.
2009). The concentration of dust particles is highly variable
over the Arctic during winter. Observations taken during
field experiments in the Arctic show dust mass concen-
trations ranging between 50 and 3,000 ng m > (Winchester
et al. 1984; Frenzén et al. 1994; Quinn et al. 2007)
depending on the air mass origin. Assuming dust particles
composed of kaolinite with a radius of 0.5 pm, these mass
concentrations correspond to number concentrations no
larger than 2.2 cm™>. According to these concentrations
and the results obtained by Ladino et al. (2011), contact
freezing should not be dominant except in cases where the
dust concentration reaches values of more than 100 cm_3,
which is significantly larger than the averaged concentra-
tion observed in the Arctic (e.g., Winchester et al. 1984).
One may therefore expect that contact freezing would lead
to the freezing of a significant fraction of water droplets
when the dust concentration reaches unusually large values
for the wintertime Arctic. It is however not clear what is
the contact IN concentration in the Arctic since other
aerosols may be good contact IN. Therefore, the contact IN
threshold of 100 cm™> required for a significant freezing
rate of water droplets might be reached more often.

6 Summary and conclusion

In this research, the relative importance of contact and
deposition ice nucleation in the formation of Arctic win-
tertime clouds in clean (uncoated aerosols) and polluted air
masses (acid-coated aerosols) is evaluated for January
2007. Past studies (e.g., Girard et al. 2013) have shown that
acid coating on deposition IN (in polluted air masses)
substantially modifies the Arctic cloud microstructure and
the CRF at the TOA during winter. The main objective of
this research is to investigate the impact of high acid
coating on contact IN on the microstructure and radiative
forcing of Arctic wintertime clouds. The limited-area ver-
sion of the GEM model is used to perform simulations over
a domain covering the Arctic for January 2007.

Results show that contact freezing contributes to
increase the cloud liquid water content and/or the droplet

@ Springer

number concentration and decrease the cloud ice water
content and/or the ice crystal number concentration in
both clean and polluted air masses. This somewhat
counter intuitive result is due to a negative feedback
initiated by the nucleation of ice crystals by contact
freezing, which contributes to decrease the relative
humidity with respect to ice. Deposition (in the NAT
scenario) and immersion (in the AC scenario) ice nucle-
ation strongly depends on the ice supersaturation. There-
fore, when contact freezing is ON, the nucleation rate of
ice crystals by deposition (in the NAT scenario) or
immersion (in the AC scenario) decreases. Results show
that these changes in the cloud microstructure have a
negligible effect on the CRF at the TOA over the Arctic
during January 2007. Therefore, according to our simu-
lation results, in the event that contact IN is altered by
acid coating (like deposition IN), the impact on the Arctic
wintertime cloud and radiation would be negligible.
Additional simulations are needed to be performed to
confirm the results obtained in this study. Simulations
covering other wintertime and springtime months and also
a more realistic aerosol representation (e.g., from assimi-
lated observations) will be required to capture high dust
concentrations that may occur over the Arctic during haze
events and also dust particle size, sources and sinks.
Finally, more theoretical, laboratory and in situ studies are
strongly needed on contact ice nucleation to better evaluate
its importance on the cloud microstructure and radiation.
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