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Abstract stratiform mixed-phase clouds (MPCs), which contain both supercooled liquid and ice, play a
key role in the energy balance of the Arctic and are a major contributor to surface precipitation. As Arctic
shipping is projected to increase with climate change, these clouds may frequently be exposed to local
aerosol perturbations of up to 15,000 cm~. Yet little consensus exists within the community regarding the
key feedback mechanisms induced in MPCs perturbed by ship exhaust, or aerosol in general. Here we show
that many known processes identified in the warm-phase stratocumulus regime can be extrapolated to the
MPC regime. However, their effect may be compensated, or even undermined, by the following two most
relevant processes unique to the MPC regime: (i) increased cloud glaciation via immersion freezing due to
cloud condensation nuclei (CCN) induced cloud top radiative cooling and (ii) the continued cycling of ice
nucleating particles (INPs) through the cloud and subcloud layer.

1. Introduction

The Arctic is warming due to increased anthropogenic greenhouse gas emissions, and it is doing so more
rapidly than the rest of the globe. The International Panel on Climate Change estimates that the Arctic may
warm by up to 8.3 K by the end of the century under the “business-as-usual” scenario, which is almost twice
the projected mean global warming of 3.7 + 1.1 K by the end of the century [Collins et al., 2013]. Concurrent
with this regionally amplified warming, Arctic sea ice is melting rapidly. As the sea ice retreats, previously irre-
trievable natural resources become accessible and long-distance trade routes, such as the Northern Sea Route,
become passable for 3 to 6 months of the year [Khon et al., 2010]. As a result, the inner-Arctic shipping due to
natural resource retrieval, transportation of goods and tourism, and trans-Arctic shipping are all projected to
increase during the 21st century.

However, ship emissions themselves are not expected to increase linearly with rising shipping activity due
to tighter emission regulations placed on SO, and NO, emissions [International Maritime Organization, 2008],
which have been shown to lead to a drastic reduction of particle number and particulate mass emissions
[Andersonetal., 2015]. Nonetheless, ships are still expected to exert large local perturbations in aerosol particle
concentration on the order of 10° cm™ to an otherwise clean background where particle concentrations can
be up to 3 to 4 orders of magnitude lower.

Many of the emitted particles are coated with a mixture of sulfate and nitrate, which have a strong affinity
to take up water (hygroscopicity) or secondary organics, which are slightly hygroscopic [Verutbankul et al.,
2006] and may therefore act as a cloud condensation nuclei (CCN). As the exhaust plume enters the cloud,
the cloud droplet number concentration may consequently increase locally. In warm clouds with constant
liquid water content, this will inherently lead to smaller cloud droplets and induce local cloud brightening
[Twomey, 1977]. In pure liquid stratocumulus clouds, such an influx of particles has been shown to also alter
the cloud macrophysical state [Berner et al., 2015] and to affect cloud lifetime [Ackerman et al., 2004]. In rare
cases, localized ship perturbations lead to streak-like structures of local cloud brightening—so-called ship
tracks—which may span up to hundreds of kilometers in length but do not exert a climate-relevant radiative
effect [Schreier et al., 2007].

In the current Arctic climate, the oceans are cloud covered at least 60% of the time and most of these clouds
(over 70%) are low-lying boundary layer clouds [Liu et al., 2012]. During the autumn season, when the sea ice

POSSNER ET AL.

SHIP PERTURBATIONS IN MIXED-PHASE CLOUDS 1964


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-6996-8624
http://orcid.org/0000-0002-5940-2114
http://orcid.org/0000-0001-8885-3785
http://dx.doi.org/10.1002/2016GL071358
http://dx.doi.org/10.1002/2016GL071358
http://creativecommons.org/licenses/by-nc-nd/4.0/

@AG U Geophysical Research Letters 10.1002/2016GL071358

extent reaches its minimum, Arctic cloud cover even exceeds 90%. Many of the boundary layer clouds will be
mixed-phase clouds (MPCs) containing a mixture of supercooled cloud droplets and ice crystals. Arctic MPCs
have captured the attention of many researches in the past decades, due to their vast horizontal extent, sig-
nificant radiative effect, and their longevity (lifetime of days to weeks) despite their microphysically unstable
state [Morrison et al., 2012].

As opposed to their liquid counterparts, many more microphysical pathways in which a potential aerosol per-
turbation may impact the cloud state exist in MPCs. At the relatively warm temperatures (T > 248 K) found in
Arctic MPCs, ice is predominantly formed by immersion freezing [Morrison et al., 2012]. Hence, supercooled
liquid droplets containing one or more ice-nucleating particles (INPs), will freeze at a given temperature con-
strained by the aerosol species acting as INPs at the highest temperature. Once ice is formed the crystals may
sediment into regions subsaturated with respect to water, where they grow at the expense of the surround-
ing supercooled liquid due to their lower saturation vapor pressure [Wegener, 1911; Bergeron, 1935; Findeisen,
1938]. Thereby, the ice crystals deplete their own nucleation source before they exit the cloud, which will limit
the formation of new ice crystals. In this manner an equilibrium between the two phases can be established
and a MPC maintained.

The possible effect of ship emissions on this delicate microphysical balance remains highly uncertain.
Christensen et al. [2014] concluded from satellite retrievals of MPCs obtained north of 40°N that ice water con-
tent and surface precipitation were increased by ship exhaust. Furthermore, they argued that the increase in
ice could be caused by additional INP emissions from the ship besides the far more numerous CCN emissions.

In this study we use large eddy simulations to explore how many of the known feedback mechanisms detected
in ship-perturbed warm-phase stratocumulus extend to the MPC regime and which additional feedback
mechanisms occur in MPCs that may alter the cloud response.

2. Model Description and Setup

Large eddy simulations (LES) are performed with the Consortium for Small-scale Modeling (COSMO) model in
its configuration for idealized LES experiments. A more detailed model description is provided in the support-
ing information [Bott, 1989; Foerstner and Doms, 2004; Lack et al., 2009; Louis, 1979; Mironov and Raschendorfer,
2001; Nenes and Seinfeld, 2003; Possner et al., 2015; Ritter and Geleyn, 1992; Wicker and Skamarock, 2002]. The
simulations were performed for a single-layer MP stratus case observed on October 9th and 10th, 2004 during
the MP Arctic Cloud Experiment, M-PACE [Verlinde et al., 2007]. The simulations are initialized and dynamically
forced following the LES intercomparison protocol by Klein et al. [2009] with a fixed horizontal resolution of
50 m and a time step of 2 s. The vertical resolution is variable and specified with 10 m within the cloud layer
and at most 160 m within the subcloud layer. The cloud microphysical tendencies are parameterized following
the Seifert and Beheng [2006] two-moment scheme. Background CCN are diagnosed every time step following
Kohler theory for a fixed aerosol size distribution of ammonium bisulfate. In order to study the effects of instan-
taneous cloud seeding by ship exhaust, prognostic CCN concentrations of ship exhaust are implemented for
ship emissions (Table S1 in the supporting information). Prognostic INPs are treated as in Solomon et al. [2015]
in order to study feedback processes involving variable N;. This scheme parameterizes immersion freezing fol-
lowing the DeMott et al. [2015] temperature dependence and captures the depletion and replenishing of INPs
(see supporting information for further reference).

Mean INP concentrations for nucleation in the deposition, condensation, or immersion mode of 0.16 L~ for
particles smaller than 2 pm were measured on board the Citation aircraft [Prenni et al., 2007] during the M-PACE
campaign, while local concentrations as high as 12 L~ (at 259 K) were measured. However, the mass-weighted
median ice crystal number concentration (N;) measured on board the same aircraft [McFarquhar et al., 2007]
was ~2 L~" and exceeded the mean INP concentration by an order of magnitude. Some of this discrepancy
may have been a measurement artifact caused by the shattering of ice crystals upon impaction with the
inlet tips of the aircraft, which artificially enhanced ice crystal number concentrations [Field et al., 2006]. For
this reason only ice crystals larger than 53 pm were considered in the analysis by McFarquhar et al. [2007],
which at least partially accounts for this artifact. Several secondary ice processes, which may close the gap
between INPs and N;, have been suggested. Evaporation freezing and the release of potential INPs during
the evaporation of cloud or rain drops were shown to be potentially dominant processes in enhancing N,
in LES simulations [Fridlind et al., 2007]. However, secondary ice processes in stratiform MPCs remain highly
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Figure 1. (a, b) Liquid water content (g m~3) and (c, d) ice water content scaled by factor 10 to match the liquid water
content contour intervals for the two reference simulations INPini6 and INPini1 (grey shading). The evolution of the
liquid water path (g m™2) and ice water path (g m~2) is shown for INPini6 (left column, blue lines) and INPini1

(right column, red lines).

uncertain and unconstrained by observations. For this reason, secondary ice processes, other than allowing
INPs to freeze multiple times, are omitted in the present study and two different background state simulations
(shown in Figure 1) were considered instead. For one simulation, an initial INP concentration of 6 L~ (INPini6)
was chosen in order to match observed ice crystal number concentrations. In a second simulation, a more
realistic initial INP concentration of 1 L~' (INPini1) was prescribed, but N; was underestimated (by an order of
magnitude) and mostly liquid-phase surface precipitation was simulated, as opposed to the observed record
of ice-phase precipitation. However, the simulated ice water path remained within the range of uncertainty
of the observations.

For simulations representing cloud perturbations by ship exhaust, the physically plausible space of aerosol
number perturbations relevant for CCN activation (CCNy,, = 0-15,000 cm~3) and INP perturbations
(INPg,, = 05 L™') was simulated. The covered range of CCNy,;, was split into eight equally, logarithmi-
cally spaced bins, while three linearly spaced bins were used for the INP,,, emissions. The INP,;, >0 L™
simulations were performed for every second CCN,;, bin for run time efficiency, resulting in a total of 46 per-
formed simulations. The ship exhaust perturbation is released instantaneously after 10 h of simulation as a
homogeneous increase in aerosol concentrations over the whole domain.

3. Results

The two unperturbed reference simulations, INPini1 and INPini6, which do not contain any ship emissions,
show a high degree of agreement with the M-PACE campaign observations and other LES simulations [Klein
et al., 2009]: The initially rapid boundary layer growth slows after 4 h of simulation until a cloud top height
of 1.5 km is reached after ~10 h (Figure 1). During this initial growth period, the subcloud layer near cloud
base stabilizes, as is seen in the positive vertical gradient of the ice-liquid potential temperature and negative
vertical gradient in the total water content in this region (Figure 2). The level of stability below cloud base is
maintained throughout the remainder of the simulation and can be attributed to the release of latent heat
during the depositional growth of snow and ice crystals near cloud base (T /dt ~ 0.4 Kh™").

The simulated ice water content and ice water path (IWP) are within the observed range measured on board
the Citation aircraft during the M-PACE campaign [McFarquhar et al., 2007] and ground-based radar/lidar mea-
surements obtained at Oliktok point, Alaska [Shupe et al., 2006; Turner et al., 20071. The liquid water content
and liquid water path (LWP) are underestimated in the INPini6 simulation, where ice crystal number concen-
trations in agreement with observations (N, ~ 1.2 L™") are simulated. On the other hand, the liquid water
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Figure 2. Median values and interquartile ranges obtained between 10 and 24 h of the simulated period for the INPini6
reference simulation (blue) and the INPini1 reference simulation (red) together with observations (black and cyan, only
Figures 2c and 2d). (a) Total water content g; = q, + q. + g;, where g, is the water vapor content, g, the cloud water
content, and g; the ice water content. Blue horizontal lines in Figure 2a denote the mean cloud top and cloud base.

(b) Ice-liquid-water potential temperature profile. The dashed profiles depict the initial profiles obtained from the Barrow
sounding. (c) Liquid water content and (d) ice water content in comparison with aircraft observations [McFarquhar et al.,
2007] in black and radar/lidar measurements [Shupe et al., 2006; Turner et al., 2007] and in cyan obtained during the
M-PACE campaign. Integrated quantities, liquid water path (LWP) in Figure 2c and ice water path (IWP) in Figure 2d are
given in the lower right and upper right corners, respectively. Height in Figures 2c and 2d is scaled with respect to the
cloud base and cloud top, where 1 denotes the cloud top, 0 the cloud base, and —1 the surface.

content is captured well in the INPini1 simulation, where, instead, N; is underestimated by an order of magni-
tude. However, it should be noted that all simulations fall within the model spread obtained during the Klein
et al. [2009] intercomparison study of this case (LWP: 20.2-222 g m~2, IWP: 0.03-34 g m~2).

The total amount of surface precipitation is not substantially affected by the partitioning of the total water
content into liquid and ice. However, most of the precipitation in INPini1 falls as rain, while almost all precipi-
tation falls as snow in the INPini6 simulation, which is in agreement with surface precipitation measurements.
In the latter simulation rain still forms but evaporates in the subcloud layer.

The ship emission impacts induced in both reference states of the simulated clean cloud are discussed in the
following sections for emission perturbations consisting purely of CCN (section 3.1) and consisting of CCN
and INP emissions (section 3.2).

3.1. Effects of CCN From Ship Emissions

The cloud response to ship exhaust perturbations increasing the CCN and cloud droplet number concentra-
tion (N)) is found to largely depend on the background state of the cloud (Figure 3). While traditional feedback
processes found in pure liquid marine stratocumulus are also found in MPCs, additional microphysical
feedback processes involving the ice phase are triggered, which alter the cloud evolution.
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Figure 3. Median response obtained between 10 and 24 h of simulation in (a) LWP and (b) IWP, (c) ice crystal and (d) cloud droplet number concentration (N; and
N)), and (e) effective ice crystal and (f) cloud droplet radius (R; and R)) to CCNShip and INPShip perturbations in INPini6 simulations (Figures 3a, 3¢, and 3e), and
INPini1 simulations (Figures 3b, 3d, and 3f). The interquartile range is denoted by lines. Variability in aircraft observations for 9 and 10 October 2004 [McFarquhar
et al., 2007] is plotted in black and radar/lidar observations [Shupe et al., 2006; Turner et al., 2007] in grey.

As the MPC is seeded with CCN, N, increases and the number weighted droplet radius (R)) decreases almost
instantaneously (Figure 3). This effect is commonly known as the Twomey [1977] effect and is regularly
observed in warm-phase stratocumulus ship tracks [e.g., Hobbs et al., 2000; Christensen and Stephens, 2011].
Consequently, the formation of rain is reduced within the seeded cloud. In simulations where the surface pre-
cipitation almost entirely consists of rain (INPini1 simulations), the surface precipitation is reduced by more
than 50% (Table S2) and the LWP increases from 91 g m~2 to 230 g m~2 (Figure 3) in simulations where CCNshi'o

perturbations exceed 1000 cm~3,

Due to the elevated cloud water content in the seeded clouds, the 75th percentile of the radiative cooling near
the cloud top increases in magnitude from —0.6 Kh~" to —2.3 Kh~" (see Figure S1). In seeded warm-phase stra-
tocumulus, the destabilization due to increased cloud top radiative cooling could enhance turbulent mixing
generated near the cloud top, thereby increasing the cloud top entrainment [Ackerman et al., 2004]. Whether
or not this feedback process would further enhance, or even revert the LWP response due to precipitation
suppression in ship tracks, was found to depend on the free troposphere moisture content [Chen et al., 2015].
However, in the MPC regime, additional mechanisms are triggered, which stabilizes the cloud top and to some
degree suppress the enhancement of entrainment.

In regions of increased cloud top cooling, we also detect increased levels of freezing in our simulations. Most
ice crystals form by immersion freezing near the cloud top, where the coldest temperatures are reached just
below the inversion. The increase in cloud top radiative cooling triggers the heterogeneous nucleation on
additional INPs, which previously remained inactive as the temperature was too high in the clean cloud. In
this manner N; is increased from 0.6 L' (0.2 L") to 1.3 L~" (0.4 L") in simulations with high (low) background
INPs. Hence, the increase in cloud top cooling enables the formation of additional ice crystals in simulations
solely perturbed by CCN emissions.

Changesin ice crystal radius (R;) between the polluted and clean simulations are small (% < 18%). Therefore,

as more ice crystals freeze, more latent heat is released into the environment during qudid-ice (freezing) and
vapor-ice (depositional growth) phase transitions (see Figure S2). Thereby, the additional freezing stabilizes
the seeded cloud by partially compensating the generated instability due to the increased radiative cooling.
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In the INPini6 simulations, where the change in N; is on the order of 1 L=! (locally), the increased release of
latent heat balances the enhanced cloud top radiative cooling, such that the turbulent mixing and entrain-
ment rate (not shown) remain invariant. Furthermore, once the ice crystals sediment below cloud base, they
are sublimated and the INPs are released and mixed up into the cloud where they once again may initiate
freezing. In this manner the increased levels of N; are maintained from the point of instantaneous seeding for
the remainder of the simulation (14 h).

In the INPini1 simulations, where the absolute change in N; is considerably smaller (9(0.2) L"), the latent heat
released is insufficient to balance the radiative cooling enhancement. Therefore, the turbulent mixing near
cloud top is increased and the seeded cloud deepens ((?(100) m) due to entrainment (Figure S1).

3.2. Response to Additional INP Emissions From Ships
The extent to which INP emissions (INPshi'D = 0-5 L") alter the cloud response in our simulations largely
depends on the induced change in N; which is governed by the following: (i) the increase in cloud top radiative
cooling and (ii) the concentration of potential INPs which cause heterogeneous nucleation at temperatures
colder than the cloud-top temperature of the clean cloud.

In the INPini6 simulations the INP,,, perturbations have little impact on the cloud evolution due to compen-
sating effects [Glassmeier and Lohmann, 2016). The emission of new INPs merely enhances the IWP response
to CCNgy,, perturbations by 12% (Figure 3) and increases surface precipitation slightly (Table S2). An impact
of INP,,, on N; is only seen in INPini6 simulations at small CCN perturbations (CCNy, < 200 cm™3), where the
increase in cloud top radiative cooling and therefore the temperature change near cloud top is small.

However, in the INPini1 simulations, adding INP,;, alongside CCN,., emissions changes the cloud evolution
notably (Figure 3). As INP,, increases, the LWP response to the CCNy,;, perturbation is increasingly sup-
pressed and the ice content in the cloud is increased. Thus, similar feedback processes are seen in the INP
seeded clouds in the INPini1 simulations as in the INPini6 simulations with INP,;, = 0 L.

4, Discussion

Our results show that many of the feedback mechanisms identified in ship-perturbed warm-phase stratocu-
mulus, such as the Twomey [1977] effect, liquid precipitation suppression, and entrainment enhancement,
may also be found in the MPC regime. However, their impact may be partially compensated or even dimin-
ished by additional feedback processes involving the ice phase. A conceptual summary of all involved
processes is given in Figure 4.

The range of identified processes is largely consistent with insights obtained from global satellite retrievals
of ship tracks in MPCs by Christensen et al. [2014]. However, additional processes were identified in our simu-
lations, which play a crucial role in determining the cloud response. The most important feedback process is
mediated by the cloud top radiative cooling. Increases in cloud top radiative cooling due to liquid precipitation
suppression by CCN seeding is found to enhance the immersion freezing near the cloud top. It is important
to note that our simulations show that the additional INP may stem from ships, but do not have to. Figures 3
and 4 show that additional INPs, which freeze via immersion freezing, could also stem from the background
aerosol population by initiating heterogeneous nucleation at lower cloud-top temperatures. Therefore this
study highlights the importance of the cloud-top radiative feedback not only for the cloud and boundary layer
dynamics but also for the glaciation levels of the MPC, as had also been noted by Savre and Ekman [2015].

Christensen et al. [2014] found that on average the ice water content detected in ship tracks was increased by
19%, the surface precipitation was increased by 30%, and the total water path decreased by 15% compared
to the background. While we also find increases in ice water content in our simulations, our results differ in
sign in the precipitation and total water path response. This difference may be attributed to (i) the particularly
strong surface fluxes during the cold air outbreak simulated here, which may compensate the increased dry-
ing by entrainment at the cloud top and (ii) the sublimation of ice crystals in the subcloud layer which buffers
changes in surface precipitation.

Increases in surface precipitation are only found in simulations with the largest changes in INP,,,. In all other
simulations the surface precipitation remained unchanged or was decreased in simulations containing few
ice crystals (N; < 0.6 L71). This is due to the efficient sublimation of ice crystals below cloud base.
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Figure 4. Conceptual schematic of ship emission impacts on Arctic stratiform MPCs. Cloud seeding with CCN reduces liquid precipitation and increases the cloud
water content. Thereby, the cloud top radiative cooling is enhanced and the immersion freezing near the cloud top increased. In the high background INP (HBI)
scenario, N; increases and the LWP remains similar. In the low background INP (LBI) scenario, only few additional N; are obtained by immersion freezing and
additional turbulence and entrainment are generated due to cloud top cooling. Therefore, the cloud depth and LWP increase in the LBI scenario. Cloud seeding
with INP in addition to CCN has little impact on the cloud response in the HBI scenario. However, in the LBI scenario adding INP alongside CCN elevates feedback
processes involving the ice phase, which partially suppresses the LWP and boundary layer growth triggered by CCN emissions. Changes in N; do not substantially
impact surface precipitation, due to efficient subcloud sublimation during which INP are released and may reenter the cloud and trigger further heterogeneous

nucleation events.

Furthermore, upon complete sublimation of crystals, INPs are released and in this manner may be cycled
several times through the cloud before sedimenting to the surface. The process of INP recycling has previously
been shown to be important for clouds observed during the M-PACE campaign [Verlinde et al., 2007; Fan et al.,
2009] and other Arctic case studies [Solomon et al., 2015]. Here we show that this process may also be highly
relevant in determining the cloud response in aerosol-perturbed MPCs. In simulations where the sublimation
of ice crystals was turned off, a much smaller response in the ice phase was simulated and the LWP began to
increase (Figure S3).

Finally, the inclusion of ice phase processes strongly reduces the ship-induced change in the surface radiative
forcing from that of a pure-liquid cloud. Reductions up to 200% in the net downward shortwave and longwave
forcings (Table S3) are obtained as feedback processes through the ice phase increasingly dominate over the
pure-liquid response. Hence, these simulations support the conclusion by Christensen et al. [2014] and Kravitz
et al. [2014] that ship emissions are unlikely to exert a significant surface forcing offsetting Arctic warming.

5. Conclusions

This study provides a first in-depth numerical assessment of feedback mechanisms in MPCs induced by ship
emissions, which are projected to increase significantly by the end of this century. We showed that many of the
known feedback mechanisms observed in warm-phase stratocumulus perturbed by ship emissions are also
found in the MPC regime. However, their effect may be fully compensated by feedback mechanisms triggered
in the ice phase (Figure 4).

These feedback processes were identified in a set of 46 simulations which span a physically feasible range of
CCN and INP perturbations. In particular, two feedback mechanisms were identified, which neither had been
previously discussed in the literature nor had been addressed within this context (point 2). The key findings
of this study are summarized as follows:

1.Cloud top radiative cooling triggered by CCN emissions and subsequent precipitation suppression
enhanced the immersion freezing rate near cloud top. Thereby, the ice content of the cloud is increased
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and the cloud layer is stabilized as changes in turbulent mixing near cloud top as well as entrainment rates
are suppressed.

2.The cycling of INP through the cloud and subcloud layer and subsequent freezing events induced by
these INP near the cloud top were found to be important to sustain elevated ice crystal number and mass
concentrations for a prolonged period in the perturbed cloud.

3. Feedback processes within the ice phase reduce, if not inhibit, changes to the liquid water content of the
cloud, which governs the cloud'’s radiative forcing and the boundary layer dynamics.

4. Finally, these simulations showed that aerosol perturbations as low as 100 cm~3 were sufficient to shift the
cloud state beyond its background variability. Therefore, this discussion may be relevant to not only ship
exhaust perturbations but also other anthropogenic aerosol sources in the Arctic such as gas flaring and
long-range transport of biomass burning [Hirdman et al., 2010].
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