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Evidence for Changes in Arctic Cloud Phase Due to
Long-Range Pollution Transport

Q. Coopman'23", J, Riedi'"*, D.P. Finch*'>', and T.J. Garrett?

TUniversité de Lille, CNRS, UMR 8518-LOA-Laboratoire d'Optique Atmosphérique, Lille, France, 2Department of
Atmospheric Sciences, University of Utah, Salt Lake City, UT, USA, 3Now at Institute of Meteorology and Climate Research,
Karlsruhe Institute of Technology, Karlsruhe, Germany, School of Geoscience, University of Edinburgh, Edinburgh, UK

Abstract Reduced precipitation rates allow pollution within air parcels from midlatitudes to reach the
Arctic without being scavenged. We use satellite and tracer transport model data sets to evaluate the degree
of supercooling required for 50% of a chosen ensemble of low-level clouds to be in the ice phase for a
given meteorological regime. Our results suggest that smaller cloud droplet effective radii are related to
higher required amounts of supercooling but that, overall, pollution plumes from fossil fuel combustion
lower the degree of supercooling that is required for freezing by approximately 4 °C. The relationship
between anthropogenic plumes and the freezing transition temperature from liquid to ice remains to be
explained.

Plain Language Summary Anthropogenic pollution plumes from midlatitudes can be
transported long distances to the Arctic. In this study, we analyze the impact of these plumes on how
easily liquid clouds over the Arctic Ocean freeze by using a novel combination of satellite measurements
and a pollution transport model. We find that liquid clouds in polluted air switch phase to become ice clouds
at temperatures that are 4 °C higher they would otherwise in pristine air. Because ice clouds in the Arctic
precipitate more easily than liquid clouds, the potential is that distant industrial pollution sources are acting
to reduce arctic cloud life time.

1. Introduction

In the Arctic, climate change is both more intense and more uncertain than at midlatitudes (Boucher et al.,
2013; Stephens, 2005). Cloud phase transitions play a key role in how clouds affect the arctic surface radiation
balance (Choi et al., 2014; Curry et al.,, 1996; Garrett et al., 2009; Kay & L'Ecuyer, 2013; Komurcu et al., 2014;
Zamora etal.,, 2018). Ice nuclei can limit cloud lifetime by triggering frozen precipitation as snow and ice clouds
tend to be less optically and thermally opaque.

Measurements of ice nucleation rates from laboratory and field studies made over the past two decades can
differ by orders of magnitude (Jeffery & Austin, 1997; Pruppacher, 1995) making it difficult to bring ice nucle-
ation theory into agreement with observations (Doutriaux-Boucher & Quaas, 2004). As background, the ice
nucleation rate (J) is defined by (Lamb & Verlinde, 2011)

AG*
J =K, exp <——> (1
X k, T

with Ky a thermodynamic constant, k, the Boltzmann constant, T the temperature of the system, and AG* is
the energy barrier from liquid to ice transition. AG* for heterogeneous nucleation can be expressed as
167w,3L
AG = ——— -f (2)
3(nAuy)
where n, is the molar density of ice, Ay, is the chemical potential of bulk liquid parent phase relative to ice, o,
is the interfacial free energy between the solid and the liquid phase, and f is related to a geometrical factor.

The supercooling temperature AT can be related to the chemical potential through Ay, = I,,AT /T, where T,
is the melting temperature and /;, is the latent heat of freezing. Then, equation (2) becomes
f/
AG" = — 3
AT? ®
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where f' expresses the parameters that are not dependent on AT. If AT is greater than or equal to the
supercooling freezing temperature AT*, the energy barrier for freezing has been crossed.

The arctic atmosphere is remote from major pollution sources, but it is not necessarily pristine (Marelle et al.,
2015; Shaw, 1995). Low precipitation rates during winter and early spring allow pollution plumes from midlat-
itudes to reach the Arctic without scavenging en route (Garrett et al., 2010; Stohl et al., 2007). Coopman et al.
(2016) and Coopman et al. (2017) showed that pollution plumes from fossil fuel combustion interact with lig-
uid arctic clouds and are associated with smaller cloud droplet effective radii. Pollution plumes from biomass
burning have a weaker impact, mostly due to typically unfavorable conditions for cloud formation (Monks
etal., 2012) at the plume source (Martin et al., 2013). Other sources can also emit potential ice nuclei, such as
desert dust (Murray et al., 2012; Prenni et al., 2012).

In the present study, we focus on the effect of pollution plumes from anthropogenic sources on cloud phase
transitions in the Arctic. Specifically, we investigate the relationship between AT* and aerosols by colocating
cloud microphysical properties from space-spaced sensors with a passive tracer of aerosol from a numerical
tracer transport model. Aerosols have the potential to affect cloud properties, such as cloud droplet size and
cloud phase, and thereby alter cloud precipitation rates, in which case through scavenging they affect their
own concentrations. For the purpose of studying interactions between pollution plumes and distant clouds,
use of carbon monoxide (CO) as a pollution tracer has helped with robust attribution. CO is a by-product
of incomplete combustion, and CO variations correlate well with aerosols close to industrial sources in non-
precipitating air parcels (Garrett & Zhao, 2006; Longley et al., 2005). Previous studies have shown that CO
is highly correlated with aerosols in arctic pollution plumes (Paris et al., 2009; Stohl et al., 2007; Warneke
et al,, 2009), although the relationship is frequently decoupled in summer when precipitation along trans-
port pathways is high (Garrett et al., 2011). If aerosol and CO concentrations become decoupled downstream
from pollution sources due to, for example, wet scavenging, then aerosols cannot reach the arctic region
and air from aerosol source regions should not be expected to impact cloud phase transitions. CO has previ-
ously been used as aerosol tracer to study aerosol-cloud interactions (Avey et al., 2007; Brioude et al., 2009;
Coopman et al,, 2017, 2016; Garrett & Zhao, 2006; Garrett et al., 2010; Tietze et al., 2011; Yang et al., 2015;
Zamora etal.,, 2016). Colocating a passive tracer of aerosol, such as CO, from a tracer transport numerical model
with cloud microphysical parameters from satellite instruments allows for the study of aerosol impacts on
cloud properties from two independent and decoupled data sets (Tietze et al., 2011).

2. Data

Cloud properties are obtained from the spaced-based sensors Moderate-Resolution Imaging Spectrora-
diometer (MODIS; Platnick et al., 2003) and POLarization and Directionality of the Earth’s Reflectance (POLDER;
Bréon & Colzy, 1999), both part of the A-train mission. POLDER-3 camera captures spectral, directional, and
polarized measurements of reflected sunlight through a wide field of view (Fougnie et al., 2007). POLDER-3
cloud microphysical properties retrievals have a 36-km x 36-km spatial resolution. The MODIS instrument pro-
vides observations in 36 different spectral bands with central wavelength from 400 to 14,400 nm. The pixel
resolution of the retrievals at nadir is 1 km x 1 km for cloud microphysical properties and 5 km x 5 km for
cloud top temperature and pixel sizes increase toward swath edges. We use Collection 6 Level 2 products from
MODIS (Platnick et al., 2014): cloud optical depth (z), cloud droplet effective radius (r,), and cloud top temper-
ature. The uncertainty in cloud microphysical parameters from MODIS depends on surface type, solar/view
geometry, atmospheric state, surface and cloud temperature, and where the solution lies in the z-r, space
(Platnick et al., 2004, 2014; Sun et al., 2012). The uncertainty in réiq for the data points used in this study is
(Hubanks et al., 2018): 75% of our data points have an uncertainty in réiq less than 30%, and 50% of the data
points have an uncertainty less than 10%— see Figures S5 and S6 and Text S4 in the supporting information.

POLDER cloud top pressure retrievals are based on measurements in the oxygen A-band (Bréon & Colzy, 1999).
They are more sensitive to the presence of low-level clouds (Tietze et al., 2011) than MODIS retrievals that
are based on cloud brightness temperature (Platnick et al., 2014). We avoid cases of multilayered clouds, fre-
quently occurringin the Arctic (Liu etal.,, 2012), by considering only cloudy pixels for which cloud top pressures
(CTPs) from the two instruments differ by less than 200 hPa (Desmons et al., 2017). Then, CTP from POLDER-3
rather than MODIS is used because POLDER CTP gives a retrieval that is not impacted by surface temperature
inversions that are particularly frequent in the Arctic (Tietze et al., 2011).
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To determine cloud thermodynamic phase, we use an algorithm that takes advantage of multiangle polar-
ization, shortwave, thermal infrared, and visible measurements from both POLDER and MODIS to retrieve a
thermodynamic phase index between 0 for liquid clouds and 200 for ice clouds (Riedi et al., 2010). A pixel
with an index less than 60 is considered to be confidently liquid and a pixel with an index greater than 140 is
considered to be confidently ice (Coopman et al., 2016).

We colocate vertically, horizontally, and temporally cloud data from POLDER and MODIS with meteorological
parameters from ERA-Interim reanalyses (Berrisford et al.,, 2011) from European Centre for Medium-Range
Weather Forecasts, in particular lower tropospheric stability (LTS) and specific humidity (SH).

Aerosol content is inferred from model CO concentrations, taken as a passive tracer of aerosols from the
numerical tracer transport model GEOS-Chem (Goddard Earth Observing System). In the model, CO has no
sink such as oxidation processes. We use the version v9-01-03 of GEOS-Chem (Bey et al., 2001). The model
is described extensively by Parrington et al. (2012) and Finch et al. (2014). The CO is tagged in the numeri-
cal model according to biomass burning and anthropogenic sources. The model is run at a spatial resolution
of 2° in latitude and 2.5° in longitude at 47 native vertical levels to track concentrations of pollution down-
wind of source regions. The model considers three CO sources: fossil fuel emissions from the Emission Data
set for Global Atmospheric Research (Olivier et al., 1999), the Big Bend Regional Aerosol and Visibility Obser-
vational (Kuhns et al., 2005), the European Monitoring and Evaluation Programme (Vestreng & Klein, 2002),
and STREETS (Streets et al., 2003); second, BB emissions from the Global Fire Emissions Database (Giglio et al.,
2010); and third, biogenic emissions from the Model of Emissions of Gases and Aerosol from Nature (Guenther
et al,, 2006). Since we focus only on anthropogenic pollution effects, only GEOS-Chem bins with fossil fuel
combustion sources representing more than two thirds of CO from combustion sources are considered.

The model capabilities have been discussed by Bey et al. (2001), Fisher et al. (2010), Parrington et al. (2012),
Finch et al. (2014), and Mackie et al. (2016). Finch et al. (2014) compared CO from field campaigns and from
GEOS-Chem and found a Spearman’s rank correlation of 0.65. Coopman et al. (2017) performed a linear fit
between modeled CO and measured CO from five Arctic stations and retrieved a slope of 0.8 with correlation
coefficients greater than 0.68. Monks et al. (2015) compared 11 atmospheric models with chemistry and eval-
uated the simulated CO concentration in the Arctic: They concluded that CO concentration (yo) retrieved by
GEOS-Chem showed better agreements with observations than y, retrieved from other models.

Thermodynamic phase transitions from liquid to ice clouds can be favored by the presence of desert dust
(DeMott et al., 2003; Myhre et al., 2007; Smoydzin et al., 2012; Xie, 1999). To obtain only the effects of fossil
fuel combustion aerosols, we discard pixels for which desert dust aerosol optical depth represents more than
20% of the total aerosol optical depth, represented by the sum of desert dust, sea salt, organic matter, black
carbon, and sulfate obtained from Monitoring Atmospheric Composition and Climate reanalyses from Euro-
pean Centre for Medium-Range Weather Forecasts (Benedictow et al., 2014; Stein et al., 2011). We tested the
sensitivity to using different thresholds with respect to the aerosol optical depth of dust at 10% and 5% of
the total aerosol optical depth. The results are similar to the results presented here—see Text S2 and Figures
S$1-S3in the supporting information for details.

In this study, we consider data for the time period between 2005 and 2010, for latitudes higher than 65°N,
over the Arctic ocean, MODIS and POLDER are unable to retrieve cloud microphysical properties from mea-
surements at visible wavelengths during the night; therefore, our analysis is limited to the period between
March and September. In order to obtain grid cells of constant areas at every latitude, we project all data onto
a sinusoidal grid with an equivalent resolution at the equator of 54 km x 54 km. One grid cell may comprise
up to 81 satellite pixels. In this study, we only consider grid cells for which more than 80% of the pixels are lig-
uid or more than 80% of pixels are ice. Details about the colocalization technique can be found in Coopman
et al. (2016) and Coopman et al. (2017).

3. Method

Meteorological parameters, such as atmospheric stability and humidity, are the primary factors that affect
cloud microphysical properties (Andersen et al., 2015; Chen et al,, 2014; Garrett & Zhao, 2006) and any cor-
relation or anticorrelation of meteorological parameters with pollution plumes can inhibit or augment any
apparent aerosol-cloud interactions in the Arctic (Coopman et al., 2017, 2016). An aerosol-cloud interaction
parameter (AC/) has been defined by Feingold et al. (2001) that represents the relative variation of cloud micro-
physical parameters with associated variations in CCN. Coopman et al. (2016) used CO as a passive tracer of
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CCN and showed that for SH below 1 g/kg there is no correlation between

Height (hPa)

-

Spring, liquid CO and r,, finding a value for AC/ close to 0, whereas for SH greater than

2pring, e 4 g/kg the ACI with respect to the sensitivity of effective radius to CO is
- - Summer, liquid
- - Summer, ice | close to 14%.

— September, liquid

) In the present study, in order to control for the correlation between pollu-
— September, ice

tion concentration and meteorological parameters, we limit LTS to a range
between 15.2 and 22K and SH from 0.8 to 4 g/kg. These ranges corre-
spond to 15% of the total span of LTS and SH centered at the respective
mode of each of their distributions (Coopman et al., 2016). Within this 15%
range, the number of data points is sufficiently large, and meteorologi-
w | cal parameters sufficiently constrained, that any observed supercooling

e freezing temperature change can be attributed to changes in pollution

concentrations or changes in droplet r, and not to a coincident correlation

100

Q
0.000

0.0030 0.0045 0.0060
Frequency of occurence meteorology (Coopman et al., 2017, 2016).

between pollution concentrations or droplet effective radii and the local

Figure 1. Normalized distributions of liquid- (red) and ice-cloud (blue) top Figure 1 shows the normalized frequency distribution for the CTP of lig-

pressure for different seasons from March 2005 to September 2010 above
the arctic circle from POLarization and Directionality of the Earth’s
Reflectance 3 cloud top pressure.

uid and ice clouds at different times of the year. In spring, summer, and
September, liquid-cloud modes of the distribution lie respectively at 945,
943, and 690 hPa. Ice-cloud modes lie at 710, 580, and 440 hPa. Ice CTP is
atalower pressure than liquid CTP. Seasonally, clouds are located at higher
pressures in spring. We differentiate clouds with CTP below 800 hPa as high-level clouds, and clouds with CTP
greater than 800 hPa as low-level clouds.

We controlled for liquid water path (LWP) in order to isolate possible feedbacks from radiative dynamic effects.
Clouds with a LWP less than 40 g/m? act as a graybody, and their radiative properties are therefore dependent
on their microphysical properties (Garrett et al., 2009). Clouds with LWP exceeding 40 g/m? approximate a
blackbody, and so the longwave emission is determined by temperature changes alone. The data set is there-
fore divided into four categories: (i) low LWP and low CTP, (ii) low LWP and high CTP, (iii) high LWP and low
CTP, and (iv) high LWP and high CTP.

The main goal of this study is to analyze freezing temperature variations as function of cloud microphysical
parameters and pollution plume concentrations. We consider four different regimes for both r, and y, and
the four bins are defined by the quartile values: lower, median, and upper. The four bins for r, are delimited by
the following thresholds: 9.4, 11.4,and 13.1 um; the four bins for yq are delimited by the following thresholds:
44,53, and 75 ppb.

Figure 2 shows the temperature distributions of the tops of liquid and ice clouds. We define ice phase fraction
as the number of ice grid cells—i.e., grid cells for which 80% at least of the pixels are ice—divided by the num-
ber of liquid and ice grid cells. Using passive space-based instruments, it is difficult to identify mixed-phased
clouds with high confidence. Therefore, mixed-phase clouds and clouds for which the degree of confidence
in the cloud phase is not high are not considered (Riedi et al., 2010). Ice phase fraction is evaluated as a func-
tion of cloud top temperature for the previously defined meteorological parameter regimes— specifically SH
and LTS —for four different regimes of pollution content, four regimes of cloud dropletr,, two regimes of LWP,
and two regimes of CTP.

Mathematically speaking, previous work has assumed an exponential function for ice fraction (y,..) as a func-
tion of supercooling temperature (Del Genio et al.,, 1996; Hu et al., 2009; Le Treut & Li, 1991). Here a hyperbolic
tangent function is used:

1+ tanh(—a;, X AT +a,)
lce = > (4)

The hyperbolic function gives a one-to-one relationship between y,.. and temperature and concisely repre-
sents observations (Doutriaux-Boucher & Quaas, 2004). We can ensure that the sum of ice and liquid fractions
is equal to 100% for each temperature bin. The a, parameter controls the flatness of the curve, so that lower
absolute values represent a more gradual water-ice transition with respect to temperature. The a, parameter
controls the temperature at which the y,.. is equal to 50%. (iii) The parameter a,/a, represents the supercool-
ing temperature for which the ice-cloud fraction is equal to the liquid-cloud fraction (e.g., X, = 50%) and is
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6000 1.0 considered here as the median freezing temperature:
a;
5000} o ATgy = p (5)
— lIce clouds ’ k
v 3000 — Liquid clouds from which the uncertainty §AT;, associated with the uncertainties éa,
2 loss and éaj is
o =
- e . 50% § sa,\*  (6a,\?
N CEC)
= — Ice Fraction (x;,,) 049 a a,
2 2000 ol AT )
> In this manner, the use of an hyperbolic fitting function simplifies study of
{0.2 liquid-solid water transitions in arctic clouds as a function of meteorolog-
1000k ical and pollution plume regime.
o 00 Figure 2 shows an example of the y, as a function of supercooling tem-

0 10 20 30
Supercooling cloud Top Temp. (°C)

Figure 2. The temperature distribution of the tops of liquid and ice clouds.
Ice fraction (y,ce) as function of the supercooling cloud top temperature
with the associated hyperbolic tangential fit presented by equation (4) and
the temperature at which the y is equal to 50%. This temperature is
referred to here as the supercooling freezing temperature AT*. The yc is
defined as the number of grid cells considered to be ice divided by the
number of grid cells considered as either liquid or ice.

perature fitted to the hyperbolic tangential curve of equation (4). The
observed curves reach an ., of 0 below 0 °C and 1 above 40 °C, consis-
tent with classical ice nucleation theory. The supercooling temperature at
which the y,.. is equal to 50% is considered to be AT*.

4. Results

Figure 3 shows the supercooling freezing temperature (AT*), calculated
from space-based observations, for four liquid-cloud-droplet r, regimes
and for the four different cloud types. y is determined from the com-

bined liquid and ice cloud top temperature distributions. Only liquid cloud top temperature distributions are
binned for cloud droplet r, regimes. For example, AT* for low LWP and low CTP clouds is 13.8 °C for values of
liquid-cloud r, smaller than 9.4 pm. It drops to 11.4 °C for values of liquid-cloud r, greater than 13.1 um. On
average, for all cloud types, AT* decreases by 1.0 °C between the lower and upper regimes in r,, defined by
the lower and upper quartile valuesinr,.

From Figure 3, clouds with low LWP are associated with lower supercooling freezing temperatures. Average
values of AT* are equal to 11.4 °C for LWP values less than 40 g/m?, compared to 15.5 °C for clouds with LWP

20 . ‘ . ‘ ‘ . .
a 600<CTP (hPa)<800 b
18| 0<LWP (g m2)<40 : (:) #* + |
QO 16} . - :
o)
U@ § L :
*x
= 120 OO Qo | | i
<
10} . - 600<CTP (hPa)<800|
40<LWP (g m*)<400
8 1 1 i 1 1
20 . ‘ ‘ . . 69.0
C 800<CTP (hPa)<1000 d 67.5
18f O0<LWP (g m ?)<40| - E T
— 66.0 ©
O 16} . - E o
o ¢ 0 & ||==8
~ 14} ] L _ -
r_ 63.0 8
12} L .
q . 61.5 >0
10+ lb @ . - 800<CTP (hPa)<1000 60.0
8 . ‘ . ‘ 40<LWP (g m*)<400 58.5
0 5 10 15 20 25 O 5 10 15 20 25

Liquid r, (zm) Liquid r, (um)

Figure 3. Supercooling freezing temperature (AT*) as a function of the liquid-cloud-droplet effective radius (r,) for four
cloud categories differentiated by their liquid water path (LWP) and cloud top pressure (CTP). The color scale
corresponds to the associated mean CO concentration (yco). The uncertainty bars are calculated from equation (6).
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Figure 4. Supercooling freezing temperature (AT*) as a function of the CO concentration (ycg) for four cloud categories
differentiated by their liquid water path (LWP) and cloud top pressure (CTP). The color scale corresponds to the
associated mean liquid-cloud droplet effective radius (r,). The uncertainty bars are calculated from equation (6).

values greater than 40 g/m?2. One possible explanation for this difference is that if clouds are optically thin, the
surface can increase the retrieved brightness temperature of the cloud (Platnick et al., 2003) and artificially
decrease the derived value of AT*. We observe that there is not a strong dependence of AT* on r, for LWP
greater than 40 g/m?. For example, AT* is 0.6 °C lower for clouds with r, < 9.4 than for clouds with r, > 13.1
for clouds with low CTP and high LWP, whereas the decrease in AT* is 2.1 °C for the case of clouds with low
CTP and low LWP. We hypothesize that clouds with high LWP are more prone to convection and therefore AT*
is more likely to be determined by dynamical than microphysical processes. Then, r, variations do not change
the glaciation temperatures for high LWP clouds.

In order to separate a relationship between y., and AT* from arelationship betweenr, and AT* (e.g., Figure 3),
where ycq is expected to correlate with lower r, (Coopman et al., 2016, 2017; Tietze et al., 2011), Figure 4
shows AT* for the four y., regimes defined by the lower, median, and upper boundaries: 44, 53, and 75 ppb.
For each cloud category, AT* decreases with increasing values of y. For example, AT* for clouds with low
LWP and CTPis 17.8 °Cfor yo below 44 ppb and 12.9 °Cfor y, greater than 75 ppb. On average, for all cloud
categories, AT* decreases by 4.3 °Cbetween the lower and upper quartilesin yc,. For clouds with low LWP and
CTP, the meanr, decreases from 9.1 pm for ., below 44 ppb to 8.4 pm for y greater than 75 ppb. Pollution
plumes associated with higher y, are associated with faster phase transitions—see Text S3 and Figure S4 in
the supporting information for details. Similar decreases in AT* are observed for the other cloud categories.

Unlike r,, yco is related to AT* for values of LWP greater than 40 g/m2. Assuming that higher values of LWP
tend to be associated with a lower stability of the atmosphere, we hypothesize that such conditions are more
favorable for the mixing of aerosols into clouds (Andersen et al., 2015; Chen et al., 2014).

In Figure 3, the difference in AT* between the upper and lower quartile regimes in r, is 1.0 °C, lower than
the difference in AT* between the corresponding y.o regimes (—4.3 °C) shown in Figure 4. This implies
that the effect of pollution on cloud glaciation temperature is much more important than the effect of
cloud droplet size.

5. Discussion
From aircraft observations of high ice particle concentrations in moderately supercooled arctic clouds,
Rangno and Hobbs (2001) hypothesized that ice concentrations can be enhanced by the fragmentation and
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Table 1
Ratio of the Free Energy Barrier Height of the Thermodynamic Phase Transition Between Polluted (AG;) and Clean
(AG;‘) Clouds for Four Cloud Categories Differentiated by Their Liquid Water Path (LWP) and Cloud Top Pressure

Parameters Low CTP, low LWP High CTP, low LWP Low CTP, high LWP High CTP, high LWP

AT? (°Q) 17.8 124 25.0 227
AT;k (°Q) 129 1.3 19.1 17.4
AGZ/AG’Ck 0.53 0.83 0.58 0.59

Note. The ratio is inferred from the ratio of supercooling freezing temperature between polluted (AT;‘) and
clean clouds (ATZ”) from Figure 4 and equation (7).

shattering of drops during freezing in free fall. They suggested that cloud tops with large liquid droplets
(r,> 10 pm) at temperatures between —20 and —10 °C are characterized by ice concentrations greater than
observed ice nuclei concentrations due to the fragmentation of ice crystals. Using satellite measurements,
Rosenfeld et al. (2011) showed that the glaciation temperature of clouds increases from —30 to —15 °C when
the liquid cloud droplet r, at —5 °C increases from 4 to 17 pm. Figure 3 shows that, on average, for the four
cloud types, the glaciation temperature of clouds increases from —14.6 to —13.4 °C when the liquid cloud
droplet r, increases from 4 to 19 pm. Our results are in line with Rangno and Hobbs (2001) and Rosenfeld
et al. (2011) and suggest that clouds associated with larger liquid cloud droplet r, freeze at warmer temper-
ature than clouds with smaller cloud droplets; large cloud droplets are more likely to support secondary ice
nucleation (Mossop, 1976; Rosenfeld et al., 2011).

Figure 3 shows that clouds with small liquid droplet effective radii are associated with an increase in the
degree of supercooling that is required for 50% of cloud grid cells to be in the ice phase. We also see that
Figure 4 suggests that an increase in pollution concentrations decreases the required degree of supercool-
ing. Thus, our results show two different effects: The first, from Figure 3, is that the required supercooling for
freezing decreases when cloud droplet effective radii are large. Since the presence of anthropogenic pollution
plumes decreases liquid cloud droplet r, (Coopman et al., 2017, 2016), from the first effect alone, we would
expect that the presence of anthropogenic pollution increases AT*. However, there is a second effect shown
in Figure 4, which is that anthropogenic pollution decreases AT*. The two effects may seem contradictory,
but our interpretation is that they instead suggest that the association of increased pollution with lower AT*
is more important than the respective association with decreased liquid cloud r,.

With regard to the thermodynamics, from equation (3), the free-energy barrier AG* for formation of an ice
embryo from the liquid phase can be related to 1/AT*? (e.g., Pruppacher &Klett, 2010, equation (7.37)). Assum-
ing that AT, serves as a proxy for AT*, we can link the ratio of free barrier energy heights with the ratio of the
retrieved ATg, (see Text S1 in the supporting information for details):

AGp _ ATp -
AG: AT

where the subscripts p and c refer, respectively, to polluted and clean clouds. Table 1 shows the ratios of
energies between the upper regime in y (€.9., yco greater than 75 ppb) and the lower regime in y, (e.g.,
Xco below 44 ppb), for the four cloud categories in Figure 4. On average, polluted plumes would appear to be

associated with a decrease in the free energy barrier AG* of about 37%; there is a decrease of 47% for the low
LWP and low CTP regime, and 17% for the low LWP and high CTP regime.

6. Conclusions

We have used space-based observations for quantifying the effect of long-range aerosol transport on arctic
cloud phase transitions. Our results show that smaller values of cloud droplet r, are associated with a greater
supercooling required to freeze clouds. However, despite an observed decrease of cloud r, in polluted air, pol-
lution plumes substantially decrease the degree of required supercooling for glaciation. For a 4.3 °C decrease
associated with a shift from y., equals 44 ppb to y-, equals 75 ppb, there is an estimated 37% decrease in the
free-energy barrier of the liquid-ice phase transition, implying an increase in the nucleation rate of ice from
liquid.

Changes in the free-energy barrier due to increased pollution concentrations may have implications for arc-
tic cloud lifetime by triggering precipitation, and thereby altering cloud radiative properties by making them
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thermally and optically less opaque (Morrison et al., 2011; Zamora et al.,, 2018). Mixed-phase clouds are com-
mon in the Arctic (Mioche et al., 2015; Morrison et al., 2011), and their radiative properties play an important
role in determining the rate of arctic warming (Cesana et al., 2012; Shupe, 2011; Uchiyama et al., 2014). Never-
theless, our knowledge and understanding remain incomplete (Korolev et al., 2017). Space-based methods for
measuring arctic cloud thermodynamics such as those described here may help constrain our understanding
of arctic cloud processes on broad spatial and temporal scales.
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